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Abstract

While antibioticsarelifesaving, they come at the cost of antimicrobial resistance (AMR)
and collateral damage to microbme Using singlesampleand longitudinal study designs,
this thesis aimed to study antibiotic resistance genes (ARGs) spread using shotgun
metagenomics sequenciRGs developed in animals can enter humans through the food
chain.We examiredthe effect of single antibiotiaseon microbomeand resistome imilk

from dairy cowdongitudinally. The microbial diversityincreasd from colostrum to later
time-points in the antibiotic groupshich wasnot prominent in the rab group. Further,
microbial composition in all groups wakfferent leading to distinct clustering of no
antibiotic from antibiotic groupsAll groupshad a wide resistome profjlavith antibiotic
groups showing higher AR&bundanceAlso, high abundance of mastifpathogns was
absenin the neab groupTheresults show that prophylactic antibiatauring DCT is not
essentialWe nextlongitudinallystudied micrommeand resistome in infants divided into
three groups[CSab (C-section/antibitic), CSnoab (&ectiorantibiotic naive) and
VDnoab (Vaginaldelivered/antibiotic naive)based on delivery mode and arific use
during early life. CSab groupshowedlow initial microbial diversity, which increased
gradually and slowlyCSab groupdemonstrated significant associations atatibiotic
classes corrg®nding to thentibiotic administered to infants in this grodjpxa belonging

to Gammaproteobacteria were dominant carriers of ARGt being non persistefBhe
results show that early antibiotic exposure can hiaweediate andong-term effects on

the infant microbiomeNext, publicly available shotgusequencing data waewnloaded
analysed, resulting ia catalogue of earljffe gut genomes of infants below three years of
age which was used to study the global resistor@eam-negative bacteria such as
Escherichia, Enterobacter, Citrobacter, Klebsielted highestARG abundancewith
Glycopeptides, fluoroquinolonenacrolides, tetracyclingdseing most abundant classes.
High abundance of ARGgaspositively related to the so@oonomic status and healthcare
access index of a countryheseresults confirm infant gut microbios ARG reservoir
Lastly, the gut microbial and resistome profileanfult cystic fibrosis (&) patientswas
studieddue to their chronic antibioticuse The CF group had a microbial composition
significantlydistinct from controlsvith higher abundance of ARGs and virulence factors.
CFgroupshowed strong association to antibiotic classes administered to individuals in this
group. Our results demonstrdke need to investigate the resistome and functional profile
in this patientgroug as antibiotiooverusecan lead to MDR, aggravag the health status.
This thesis shedlight on the microbial and resistome profile in previously unexplored
manners and prides a baseline for researchers and policy makers to desigmptia/e

and proactive measures to maximise health restoration and minimise ARG development.
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1.1  Abstract

Antibiotic resistance is a healtimdisocioeconomic crisis recogers as a serious threat
affecting humans worldwide. Overuse of antibiotics enhances the spread of multidrug
resistant bacteria, causing drtesistant infections which can be difficult to treat. This
resistance, mostly of the acquired type, is thus a major clinical issue. Acquired resistance
can occur by horizontal transfer of genes between bacteria (commatiitygs), by
vertical transmission that can occur between mother and her offspring at birth and during
lactation or spontaneously due to antibiotic exposure. While there have been multiple
studies about the horizontal transfer of antibiotic resistancesgeaemany studies have
been conducted to study their vertical transmission. Vertical transmission is of importance
as the early bacterigblonisationof infants has an impact on their health and immune
programing throughout life. This review discussase possible mechanisms of mother
to-infant transmission of antibiotics and antitic-resistant strains and addresses the

knowledge gaps for further studies.
Keywords: Vertical transmission, Antibiotics, Antilhic resistance, mothénfants
Highlights:

Antibiotic resistance is a global issue and transfer of antibiotic resistance genes can occur
through horizontal and vertical transmission.

Mother is a major source of microbiome for infants, with occurrence of vertical
transmission from mother to infarmsw established.

Transfer of antibiotic resistance genes through vertical transmission is not well studied,
despite the usage of antibiotics during pregnancy and infancy.

Human microbiota and antibiotic resistance is of importance due to its role ih,healt
metabolism and immune programming.

The negative impacts of antibioti@sistant strains on the infant guicrobiota could

result in drugresistant infections which are difficult to treat.

Outstanding Questions:

xCan the use of prophylactic antibiotios reduced during pregnancy and infancy?
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xDo antibiotics reach mothers milk at a concentration high enough to affect the milk
microbiome?

xDoes antibiotic treatment during pregnancy and lactation affect the milk microbiome
composition and resistome?

xDoes anbiotic treatment of the mother during lactation affect the infant gut microbial
diversity over time?

xCan antibiotics administered during lactation transfer to infants in milk in sufficient
amounts to affect the resistome and microbiome profile in infants?

xCan alternatives to antibiotics be used instead of antibiotics during these crucial stages of

life with the same effectiveness?
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1.2 Introduction

Antibiotics have revolutioned medicine, saving millions of lives and increasitig |
expectancyy an estimated eiglyears. However, the misuse and overuse of antibiotics,

and their improper disposal, have led to a major health and environmental issue, namely
the rise of atimicrobial resistance (AMR) (Ventola et al., 201BMR is estimated to be
responsible for over 750 000 deaths anntiafiyrthermore, increasing appreciation of

the role of the gut microbiome for human health means that antimicrobials should ideally
be targetVSHFL,F LQALFWLQJ PLQLP DSDrréURIG Mivvoidtdedd O G D |
(Willing et al., 2011) Antibiotic resistance can spread through horizontal gene transfer
bacterial communities and can be disseminated through various niches, including food,
DQLPDOV SODQWV WKH HQYLURQPHQ Wona§GeM&HFL ¢ F
mother/ baby transmission either at birth or via lactation has been far less studied (Figure
1.1A,B) (Parnaneret al., 2018)

(A) During pregnancy (B) Duringlactation
Antibiotic transfer through breast milk
Oralantibiotics
Antibiotic-resistancegene
Intravenous ~~~\
\
Ay
N,
N,
N,
N,
Se . \\
- Y
N,
\\
~> -
Antibiotics cros AN
placental barrie \
to fetus Milk ducf J
/’,
L/

Figure 11. Vertical transmission of antibiotics and antibiatisistantbacteria from
mother to infant. (A) Antibiotic residues administered during pregnancy can cross the
placental barrier and circulate in the fetus (created with BioRender). (B) Antibiotic
residues and antibiotiesistant bacteria can transfer from motheririiant during

lactation.

The advancements of sequencing technologies have led to increased research interest in

studying microbiome vertical transmission from mother to infant, demonstrating that the
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PRWKHU LV WKH PDMRU L QA X HdRierkey particulatly follawingD Q W\
vaginal delivery (Table.1). As shown in Table.1, some studies focus on genera and
species level transfer which is not as strong an indicator of vertical transmission as strain
level transfer; thus, more studies examingtiainlevel transfer in future will further
strengthen the notion of vertical transfer. With the increased use of antibiotics during
pregnancy and lactation, there is a risk for the emergence of antil@sistant bacteria

within the maternal gut and dmst milk whit can be passed to the infamtaipiainenet

al., 2019;Parnaneret al., 2018) Indeed, a mouse model study has demonstrated that
maternal antibiotic intake can affect the overall nrakrand infant gut microbiota
(GonzalezPerezet al., 201%. Studies have suggested that antibiotics administered to
mothers during pregnancy can cross the placental barrier and pass to the fetus, and during
lactation they can enter the breast milk and pass to thebosw due to the low
molecularweight and hig lipid solubility of these compounds (Kelsey, 2016)ost

studies to date focus on the harmful effects of these antibiotics on the mother or the fetus;
fewer studies have fosed on the antimicrobial retasice aspects (Nahum et al., 2006;
Passmoretal., 1988)Lactmed). The presence of antibiotiesistance genes in bacteria
present in the infant gut, in the absence of antibiotic exposure, might point toward the
passage of thestrains from mother to infanNpgackaet al., 2017Zhanget al., 201).

Thus there is a need to characteribe species and strains carrying these resistance genes

as the microbiota established in early life plays a vital role in infant health, immune
development, metabolism, and other biologicéivdes (Houghtelingand Walker, 2015)

and could compr®e LVH WKH HI¢FDF\ RI DQWLELRWLF WUHDWPF
In particular, the following quéi®ns need to be answered. Can passage of the antibiotic

via breast milk in mothers affect the milk microbiome aesistome? Is the absorbed
GUXJ SUHVHQW LQ VXI¢FLHQW TXDQWLWLHYV WR EH EDF
can resistance develop in the infant gut microbiome? Can antibiotic uptake affect the
maternal gut microbiome and resistore@nd thus hie infant gut microbiome? If the
DQVZHU WR DQ\ RI WKHVH TXHVWLRQV LV LQ WKH Dlgl
taken before prescribing antibiotics during pregnancy and lactation as the repercussions

could be longasting in terms of infant hetél and infection.

Table 11. Vertical transmission of microbes
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Putative vertica

transmission of bacteria

Sample analyed

Methodology usec

and esolution

obtained

Refs

i) Nonantibiotic

group Bacteroides sp,
Bacteroides vulgatus,
Bacteroides fragilis
Bacteroides ovatug
Bacteroides salanitronis
%L GREDFWHU,L
and Parabacteroideg

distasonis

i) Antibiotic-treated
group Faecalibacterium
prausnitzii  Eubacteriun
rectale, Anaerostipe
hadrus, Bacteroide

ovatus, B. vulgatus

SpR,
plautii,

Bacteroides

Flavonifractor
Roseburia hominig
Roseburia intestinalisand

Ruminococcuspp.

Fecal sample

Shotgun sequencin
(bacterialspecies ang
exclusively  #&ared

genes)

Li et al., 2020

Bacteroides spp,
Parabacteroides spp, E.

coli, and BL¢, GREDH
spp.

Fecal sample

Shotgun sequencin

(species level)

Shao et al.,
2019

63% infant nicrobiome

and 15% virome

Fecal sample

16S

sequencing

rRNA
(share

family, genus ang

Magsood et
al., 2019
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Amplicon Sequenct

Variants)
%L¢; GREDFWHUL Milk and fecal| Shotgun sequencin Parnénen et
Bacteroides, Echerichia,| sample (shared genuq al., 2018
and species andtains)
Streptococcus
Bacteroides uniformig Fecal sample | Shotgun sequencin Yassouetal.,
Bacteroides vulgatysand (shared speciesnd | 2018
Bacteroides dorei strains)
%L, GREDFWHUL
adolescentis and
%L, GREDFWHUL
and Escherichia coli
Actinobacteria ang Fecal sample | Shotgun sequencin Korpelaet al.,
Bacteroidia (shared strains usin 2018
singlenucleotide
variants)
Phyla Proteobacteriq Vaginal swabs Shotgun sequencin Wampach et
Firmicutes, Bcteroidetes| and ecal samplg (shared genuq al., 2018

andActinobacteria

species andtsains)

Transmission of 62 strain
depending on site and tim

point

Skin, oral and

vaginal swab
milk and fecal

samples

Shotgin  sequencing
(shared speciesnd

strains)

Ferrettiet al.,
2018

%L¢GREDFWHGL

Coprococcus comesnd

Ruminococcusromii

Milk and fecal

sample

Shotgun sequencing
(shared speciesnd

strains)

Asnicaret al.,
2017
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%L ¢ GREDFWhHUhL Milk and fecal| Internal Transcribed Durantiet al.,

%L¢GREDFW KWL sample Spacer gen¢ 2017

%L, GREDFWHGL DPSOL¢FDWI

%L ¢ GREDF WahtisL 16S rRNA

%L;GREDFWHUL sequencing (share

adolescentis and species and strains)

%L, GREDFWHUL

pseudocatenulatum

StreptococcusVeillonella, | Milk and fecal| 16S rRNA| Pannaraj et

andRothia sample sequencing dhared al., 2017
genus)

%L, GREDFWHUL Milk and fecal| ITS gene| Milani et al.,

adolescentis sample DPSOL¢FDWI 2015

%L;GREDFWHUL 16S rRNA

angulatum sequencing (share

%L;GREDFWHU,L species and strains)

%L;GREDFWHU,L

%L;GREDFWHU,L

%L GREDFWHU,L

%L;GREDFWHUL

pseudolongum and

%L;GREDFWHUL

thermacidophilum

Escherichia/Shigella, Fecal sample | Shotgun sequencin Backhed et

%L;GREDFWHUL (shared genus ar al., 2015

Enterococcus faecalis
Bacteroides fragilis
Bacteroides

thetaiotaomicron, and

Bilophila wadsworthia

species)
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The resistome can be either acquired (by point mutations/horizontal gene transfer) or
intrinsic (various cellular mechanisms which make bacteria resistant); thigoates to

the resistance prgOH RI1 WKH BixisWaHbld D bBdE@al metabolism and
physiobgy. This highlights the imptance of understanding the evolution of intrinsic

AMR as it caralso become mobile over time (Singh et al., 2019)

In this short review, the various avenues for AMR inheritarcess the mother/baby

D[LV DUH GLVFXVVHG ZLWK D YLHZ WR D JUHDWHU XQGH
of such events. Firstly, transfer of antibiotics from the mother to the infant imithi&ro

or through breastfeeding is discussed, whileosdly, vertical transfer of the AMR

strains themselves is considered.

1.3  Transfer of antibiotics in utero

Antibiotics are given during selected vaginal deliveries as prophylaxis against group B
Streptococcus (GBS), while evideAoased medicine recommends that all women
undergoingCaesarearsection (CS) receive prophylactic antibastito reduce wound
infection (Smaill and Gyte, 2014%ome studies report that a single dose of prophylactic
DQWLELRWLF LVadndiQehiverly all@n&®Rrage/ its usepevent maternal
infections (Knight et al., 2019)AImost all drugs cross the placenta aftegréipeutic
treatment during pregnancy and may be in the maternal and newborn circulation at the
time of birth, with implications for microbiota transfer. Nahum etsaidied 11 broad
spectrum antE LRWLFV DPR[LFLOOLQ FKORUDPSYHQLFRO
GR[\F\FOLQH JHQWDPLFLQ OHYRAR[DFLQ SHQLFLO
vancomycin) that are used in pregnancy and lactation and reported that all the antibiotics
were capable of crossing the placenta and reachingtieen infant (Nahum et aR006)

While not many studies have calculated the concentratiamtdfiotics in infant serum

after maternal antibiotic treatment, high concentrations of antibiotics used during
pregnancy have been associated with their presengmbilical cord serunguggestng

the possibility of transferMiel-Theriaultet al., 2019) It has been reported that oral or
intravenous doses of 250 mg to 1 g of ampicillin resulteaccumulation in amniotic

Aiid (Kraybill et al, 1980; Blecher et al., 1966 he concenttdon in neonatal serum
exceeded the minimal inhibitory concentration agaigstherichia coli GBS, and

Listeria monocytogenesnd the peaks remained fotd2h in cord blood after which it
23



dedined after maternal treatmerKraybill et al, 1980; Blecher et al., 1966Muller et

al. demonstrated that amoxicillin was capable of being transferred and detected in
umbilical cord sera (18% of maternal cemtration) and neonatal seruMuller et al.,

2009. It has been reported thgéntamicin wa present at 34%ypshioka et al., 1972

and 42% Veinsteinet al., 1976)n umbilical cord blood of the associated maternal blood
FRQFHQWUDWLRQV ,Q RWKHU VWXGLHVY WKH FRUG EO
blood-to-maternalblood ratio of 071 at delivery, were reported when pregnant women

with chorioamnionitis at ten were treated with ampicillifMaberryet al., 1992Gilstrap

et al., 1988) This strongly indicates that maternal antibiotic treatment during pregnancy
reaches theinfantindg FLHQW TXDQWLWLHV WR SRWHQWLDOO\

1.4  Transfer of antibiotics in breast milk

Breast milk is the optimum food for newborn infants but it caovalthe passage of
unwanted components, suclas antibiotics, to the infanB&r-Oz et al., 2003) Factors

such as the concentration of the drug in breast milk, the pharmacokinetics and
pharmacodynamic properties of the drug, as well as the concentration received by the
infant need to be taken into consideration to predict the potaaarse effects in the

infant (Hotham, 2015)Generally, an antibiotic that can be safely administered directly

to an infant is considered safe for the mother during breastfeeding. Many antibiotics are
regarded as safe for use during lactation by the AraeriAcademy of Paediatrics.
However, there is some controversy in this area as cautionary use is advised for many of
the same drugs or it is advised that they be used only if clinically appropriate during
lactation by the UK Drugs in Lactation Advisory 8iee (UKDILAS); this controversy

LV GXH WR LQVXI¢(¢FLHQW GDWD DERXW WKH KDUPIXO
Iactatiom However, the impact of most of these drugs on the gut microbiota is as yet
unknown (LactmeEI In fact, no drug, no matter how low its concentration in breast milk,

is absolutely safe because of potential idiosyncratic reactiorike infant, allergic
sensitigtion, or due to its ability to result in resistamasts at subtherapeutic levels
(Mathew, 2004)

Nearly all drugs transfaio breast milk to some extent (Mathew, 2084&fetziset al.,

1981) and many studies have reported the presence of antibiotics in breastabikx (

1.2). The small doses received by the infant could cause direct gastrointestinal and oral
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candida infections, diardea, and malabsorption of nutrients due to gut microbiota
DOWHUDWLRQV DQG P ReegHabiaMmGCRIqsinat &., 2009/ 1tGedllH Q
1993).It has been demonstrated that even low levels of maternal antibiotic use can result
in the formation of antibioticesistant strainfWistrandYuenet al., 2018Kohanskiet

al., 2010)

Recent studies have investigated the effect of mateyradl antibiotic use during
pregnancy and lactation in modulating the infant oral or gut microbial diversity. Maternal
intrapartum antimicrobial prophylaxis (IAP) has been associated with decreased numbers
and arrested growth o% L ¢ G R E D&hdBddieoxdPsspeciegNogackaet al., 2017,
Rachel et al., 2017; Azad et al., 2016; Aloisio et al., 2014; Fouhy et al., 2012)
increased levels of members of the family Enterobacteriaceaereacoccus faecalis

in the infant gut(GonzalezPerezet al, 2016; Arboleya et al., 2015)ndeed, studies
suggest that oral maternal antibiotic intake has effects on infant gut microbial diversity

similar to those oinfant antibiotic consumption (Tanaka et al., 2009)

The presence of antibiotics in breast millayrblunt their positive effects due to the
negative impact on the infant gut and possibly milk microbiota. Prolonged IAP can also
UHVXOW LQ LQIDQWYV VXIIHULQJ IURP $05 VWUDLQ LQI}
to treat(Edwards et al., 2002and incease the risk of latenset neonatal infections

(Didier et al., 2012)

Tablel.2. Excretion of antibiotics in breast milk

Drugs Concentration (averag¢ Refs
in breast milk after th¢
ast dose
Amoxicillin 0.69 mg/l at 4 hrad 081 | Kafetziset al., 1981
mg/l at5 h
(1 g oral dose)
Cephalosporins
i)Cephalexin 1 g ml| 0.51 mg/l after 6h Kafetzis et al., 1981
dose 1980
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i) Cefotaxime

1gdose ntravenously | 0.32 mg/| after &
Clindamycin 150 g | 1.3mg/l after 4 h

orally
1.2 mg/l after 6 h Zhang et al., 1997, Stee
150 mg three timesaily and Rane, 198jlatsudal
1.03 mg/ after 2 h et al., 1969
600 mgintravenously
Gentamicin 0.48 and 0.49fter 3 and| Celiloglu et al., 1994
5h
80 mg I.M23 times a dy
Metronidazole Gray et al., 1961
oraldose of 200 mg 3.4 mg/l at 4 h, 3 mgll
after 8 h
400 mg orally 3itmes a Passmoret al., 1988
day 12.9 mg/l after 4 h
Erythromycin 500 g | 1.2 after4 h Zhang et al, 1997
orally Matsudeet al., 1984

2.5 mg/l after 2 h
500 mg dose

intravenously

@Abbreviation: .M., intramuscularly.

1.5 Transfer of AMR strains in utero and during birth

1.5.1 Placenta

Placenta acts as a barrier between the mother and unborn baby, allowing passage of
VSHFL{F QXWULHQWY $OWKRXJIK Fde@onstiaed HHatvthed OV
placenta is not sterile and harbors a unique set (and low number) of microbes that may be
transferred to the infaffagaardet al., 2014 Stoutet al., 2013)However, a more recent

study demonstrated that placenta does not have a microbiome but can harbor potential
pathogens; it reported the presenc&wéptococcus agalactigede Goffauet al., 2019)
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These potential pathogens, such as GBS, could be dittitBsistant microorganisms

that can transfer resistance genes to infant microbes and complicate further treatments in
infants. If the placenta contains live bacteria, theoretically, this could be a route for
vertical transfem utero thowever, given tb small numbers of bacteria which would be

involved, we would viewtte risk as being extremely low.

1.5.2 Vagina

IDWXUDO FKLOGELUWK UHVXOWY LQ WKH LQIDQW EHL
microbiota.Lactobacillusspp. dominate the vaginal landscapel can inhibit the growth

of pathogenic bacteria. However, under certain conditions, the vagina can harbor potential
pathogens which are, in many cases, responsible for adverse pregnancy outcomes due to
their transfer. GBS can reach the amniotic cavitgeading from the vagina and can also

cross the placental barri@Patrasand Nizet, 2018) 7KLV LV RI FOLQLBDO VL.
agalactiaeis a GBS that isssociated with neonatal infems resulting in approximately

57,000 stillbirths and 90 000 infant deaths worldwide as of Z8&alect al., 2017)Also,

there has been a trend for increasing antibiotic resistance in GBS with multidrug
resistance causing fatal sep&=ao et al., 2018, Ji et al., 2017The use of inapartum
antibiotics during pregnancy and labor has decreased adverse outcomes due to pathogen
exposure; howeveit might result in the emgence of drugesistant pathogens. Vaginal
colonisation of extendeespectrum -lactamase (ESBL)producing bacteriaduring
pregnancy can result in adverse outcomes and premature birth. This can also lead to
colonisationof infants with ESBLEproducing bacteria, thus increasing the prevalence of
resistant straingFoessleitneret al., 2020) Studies have reported the praee in the

vagina, and transfer from mothers to their infants, of ampigilloefotaxime and
multidrugresistante. coli (SdezLbépezet al., 2016Barmanet al., 2014Duboiset al.,

2010) penicillin-resistant StreptococcugMcDonald et al., 2003) and tetracycline
resistant bacteria, includingictobacillus, Prevotella, Ureaplasma, Gardnerad&rying
thetet(M) gene LactobacillusandCorynebacteriuncarrying thetet(O) gene, antet(\W)

carried byStaphylococcuandCorynebacteriunfAlicea-Serrano et al., 2013)

Further studies are required to investigate transfer of resistant bactete&o at strain

level, as it can affect initial infant gablonisation and to shed light on risk factors for
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transmission, which will aid in the developmeritpseventive strategies for healthier

outcomes.

1.6  Transfer of AMR strains through breast milk

Breast milk is considered the gold standard when it comes to nutrition for infants,
SURYLGLQJ RSWLPDO QXWULWLRQ IRU QHRQDWhHY DQG
the infant gut microbiota. Studies have reported that human breast milk is a rich source
of sugars, antibodies, human milk oligosaccharides (HMOs), and a diverse population of
bacteria for infantgMurphy et al., 2017; Walker, 2010)

The more seriousutcome of prolonged antibiotic use in lactating mothers can be
selection of antibiotigesistant strains in mothers that can be transferred to the infant
(Kawadaet al., 2003) leading to neonatal sepsis and infant morbi¢ltgrroneet al.,

1999) The bacNHULD LQ PRWKHUTV PLON E VXGKE,DcBWWaEDUH VDR E
E H Q H (MubtpbyCet al., 2017Milani et al., 2015; Jost et al., 2014 can be a serious

source of infectious microorganisms such as GB88gneuret al., 2009; Dinger et al.,

2002) It has been shown that antibiotics can alter the breast milk microbiota, with higher
microbial richness observed in mothers receiving intrapartum antibiotics, for reasons yet
unknown. The authors suggest that intrapartum antibiotics may have impacteebttte b

milk microbiota in the earlier stages of lactation. This could be due to low bacterial loads
reported in breast mil{Hermanssonet al., 2019) Some studies also report that

% L ¢ G R E DWaheHtesextPin low abundance, or absent, in mothers whivedce
intrapartum antibioticéHermanssoet al., 2019) 7KLV LV RI VLIJQL¢(FDQFH D
are reported to promote gut health aotbnisatiorresistance. Further studies evaluating
breast milk microbial changes at multiple time points, and before and after antibiotic
uptake, are needed to understand the effects of antibiotics on the milk microbiome and its

consequent resistome.

Zhanget al. observed that the infant gut microbiota can be a reservoir of antibiotic
resistance genes even in the absence of previous antibiotic exposure. Further, they
observed antibiotiaesistant bacteria in breast milk but none in infant formula and foods,
suggestig that breast milk is a possible source of AMR strains in inf@itang et al.,

2011) Didier et al reported that antenatal dmbtics can increase the risk of antibietic
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resistant infectiongDidier et al., 2012) Kozaket al (2015) demonstrated that highly
similar isolates (based on genetic barcode matches) of anti@etgtant
%L¢ GREDFWH U LDaPtob&iRu® JErfhentum Lactobacillus gasseri and
Enterococcus faecai¥x HUH LVRODWHG #0tReP pgry. H his QUdyEisé
passage of AMR strains from mhers to infants in early lifeéStudies have reported the
presence oStaphylococcuandStreptococcustrains resistant to multiple antibiotics in
human milk of healthy donors and their passage to infants by breastf¢edatgal.,
2018; Chen et al., 201®ehariet al., 2004) This is of importance aStaphylococcus
aureusis known to be a leading cause of hospital and community infedtidediavilla
et al., 2012)and becausestaphylococcusand Streptococcusare considred to be

constituents of the core breast milk microbiofivurphy et al., 2017)suggesting their

possble transfer to infant$duanget al.(2019)demonstrated that the majority of bacterial

strains isolated from human milk samples of 30 mothers in Taiwan were multiresistant
strains. Resistance was observed to some commonly used antibiotics, such as tetracycline,
chloramphenicol, streptomygimgentamicin, and quinupristirAcquisition of resistant

strains of bacteria from other persons is uncommon in infancy and so mothers are a source
of resistant bacteria for infanfde Vrieset al., 2011Preloget al., 2009)Parnaneret al

(2018 reported that infants share gut resistomes and mobile genetic elements with their
RZQ PRWKHUTYTYV JXW DQG EUHDVW PLON PLFURELRWD
antibiotic use or acquired antibiotid HVLVWDQW VWHDL@Y QW AX HE AWH W/
Inheritance of resistance genessuch as those against tetracycline, macratide
lincosamidesstreptogramin B, trimethoprim, and colisttawas observed. Within the

infant gut resistomeE. coli and Gammaproteobacteria celated jpsitively with
resistance load while% L ¢ G R E D Feuvrelatdd X Regatively. Thus, given that
breastfeeding reduces the abundance of Gammaproteobacteria and increases
ELGREDFWHULDO ORDG WKH DXWKRUV VXJIJHVW WKD\
grounds of reducing antibiotic resistance load in the infant gut. Indeednsgiom of
breastfeeding before smonths of age was associated with increased enrichment of many

antibioticresistance genes and mielgenetic elements in infants
1.7  Preterm births and antibiotic exposure
It is thought that many preterm births may be associated with maternal infections or

LQADP P [PatarBs®t al., 2006) These cases are accompanied by antibiotic
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administration to the mothers as well as the infgrtgphylactically in manygases. The

World Health Organition (WHQO) recommends administration of antibiotics to infants

at risk of developingea\RQVHW LQIHFWLRQV DV D SURSK\ODFWL
days of life(Fuchset al., 2018)and pretem infants are at a high risk of developing
infections(Henderickxet al., 2019) This can alter the preterm gut microbiota and create

a reservoir of resistant strains. Preterm infants acquire a distinct microbial structure,
compared to fulterm infants INnWKH ¢ UV W Z(HiHel ., RO1Qulue kb a variety

of factors such as CS birth mode, extended hospital stays, and exposure to multiple
antibiotics. Pathogens such d€lebsiella, Enterobacter and Enterococcus are
predominantly present in preterm infants compared to term infants, while levels of
commensals such a% L ¢ G R E D &dlddibbacHusare generally decreased in the
SUHWHUP L(Bdia€ivi¥tial.) X0M9; Gibson et al., 201&put this couldoe due

to low bacterial numbers in preterm infants. This, along with the immature immune
system of preterm infants, increases the riskewetbping necrotiag enterocttis, late-

onset sepsis, allergies, and later, asthma. Thus, more detailed studieskhiato the
spread of antimicrobial resistance in this patient group are needed. Furthermore, it is
reported that the gut microbiota is involved in modulating and producing many
neurotransmitters, allowing communication at the frdin axis(Dinan andCryan,

2017) Disruption of gut microbiota by antibiotics could impair microbial function and
impact the gutbrain axis.

1.8  Concluding remarks and future scope

Vertical transmission of antibiotics and antibietésistant microorganisms from mother

to infantnegatively impacts the development and succession of the infant gut microbiota
and may result in the enrichment of diseassociated microorganisms and aggravate
treatment(s). The growing concern related to the consequences of antibiotic
administration equires better diagnostic and risk assessment strategies to promote better
antibiotic stewardship in clinical practice. Currently, antibiotic stewardship strategies,
including surveillance and assessmehall antibiotic use, ideifying scenarios where
antibiotic use can be reduced, and implementing interventions while monitoring safety,
are the only effective ways to reduce antibioticins#inical settings. Furthemore, there
should be a focus on narrespectrum antimicrobials once the target orgariisis been

LGHQWL¢{¢HG 7KHVH VWUDWHJILHV PD\ UHGXFH WKH UD)
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development but will not prevent its occurrerftakri et al., 2018) Therefore, studies

LQ WKLV DUHD DUH XUJHQWO\ UHT XL fdd®r Bbo@aed Mk R X O G
prescription of antibiotics during pregnancy and lactation. This will help us to understand
the origin and spread of AMR genes and aid in developing effective control strategies to
limit vertical transfer across the mother/ baby integfégsee Outstanding questions). Other
DOWHUQDWLYH WKHUDSLHV IRU ¢JKWLQJ EDFWHULD VK
the most promising ones for clinical use. These could include bacteriophage therapy, the
EHQH;WV RI ZKLFK D GrigdJdf dnibivtesRuriaid Btlalky ER.$) and
bacteriocin therapfCotter et al., 2013)Another potential therapy is the use of probiotics;
though not a replacement for antibiotics, their use may reduce maternal and neonatal
adverse outcomdMartinet al., 2019Huurreet al., 2008) These substitute therapies can

be the protagonists of the postantibiotic era which may help to reduce-tetaiédu
complications that occur due to the use of antibiotics during pregnancy, lactation, and

infancy.
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2.1  Abstract

It is well established that the gut microbiota plays an important role in host health and is
perturbed by several factors including antibiotics. Antibioiduced changes in
microbial composition candve a negative impact on host health including reduced
microbial diversity, changes in functional attributes of the microbiota, fawmand
selection of antibiotigesistant strains making hosts more susceptible to infection with
pathogens such &lostidioides diffigle. Antibiotic resistance is a global crisis and the
increased use of antibiotics over time warrants investigation into its effects on microbiota
and health. In this review, we discuss the adverse effects of antibiotics on the gut

microbiotaand thus host health, and suggest alternative approaches to antibiotic use.

2.2 Introduction

Since their discovegr antibiotics have revolutiores the treatment of infectious diseases

on a global scale. They are recognised as one of the contrifatiogs to increased life
expectancy in the #Dcentury owing to the decline in infectious disease mortality
(Adedeji, 2016). However, their overuse and misuse in human and veterinary medicine
and animal husbandry have resulted in the current globali@milbesistance crisis
(Vidovic and Vidovic, 2020; Lorr and Bjerrum, 2014) which is exacerbated by the slow
rate of new drug development (Simpkin et al., 2017). Despite this, antibiotics are still
widely prescribed in disease treatment and studies hpoeeted increased consumption

of antibiotics in certain countries in the past nemiof years (Klein et al., 2018;

Adriaenssens et al., 2011).

More recently, scientists have uncovered the detrimental impact of-§peatrum
antbiotics on the gut microbta. Home to bacteria, archaea, miceukaryotes and
virusesthe gut microbiota plays a fundamental role in human health. It prevents pathogen
colonisation, regulates gut immunity, provides essential nutrients and bioactive
metabolites, and is involved energy homeostasis (Mills et al., 2019). In infants, the gut
microbiota is acquired during birth and thereafter plays an essential role in the
development of infant gut immunity. Evidence to date strongly suggests that balanced
microbiota composition andch species diversity are essential to its optimal functioning

(Heiman and Greenway, 2016), which can be compromised in disease diagea et
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al., 2016) Likewise, reduced diversity and imbalanced microbiota composition in the
infant gut are associatedth intestinal illnesses and a predisposition to certain diseases
later in life (Volkova et al., 2021Milani et al., 201Y.

Broadspectrum antibiotics reduce gut microbiota diversity (Dubourg et al., 2014), and
as well as killing the pathogen of conceran eradicate beneficial microbes (Blaser,
2011), with deleterious consequences for the host. Despite this, in Western countries, up
to 35% of women are exposed to an antibiotic during pregnancy and delivery, and

antibiotics comprise 80% of the drugs anaan is exposed to during pregnancy

Kupermané& Koren, 2016; Stokholm et al., 2013). Mothers are frequently prescribed

intrapartum antibiotics prophylactically to prevent and treat infect|desafi et al.,
2010).

Clostridioides dfficile (formerly known asClostridium difficilg infection is an example

of a disease brought about directly through antibiotic disruption of the gut microbiota
(Theriotet al, 2014). lliness ranges from mild diarrhoea to death (Guh & Kutty, 2018).
Antibiotic eradication of beneficial bacteria in the gut enaBledifficile to flourish (Rea

et al., 2011). A recent study also concluded that oral antibiotic use is associated with
increased risk of colon cancer (Zhang et al., 20IBgse are just some of the examples

of how antibiotic therapy can compromise health.

This review thus focuses on the negative impacts of antibiotics on human health from
pregnancy through to adulthood, mos$iwhich are microbiotalependant, although we

also provide evidence of nanicrobiota associated negative impacts. We discuss the
changes to microbiota composition and functionality and the consequences for host health
(Figure2.1). We look at the impadif antibiotics at the single bacterial cell level, and

how antibiotic use and misuse result in antibiotic resistance development. Further, we
consider alternative approaches to antibiotic therapy and discuss therapeutics that can be
used to maintain anisnprove host health and minimneishe effects of antibiotics when

used.
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Figure2.1: Figure shows the negative impacts that can occur on host health due to overuse

and misuse of antibiotics. Figure was created using freepik.

2.3 Introduction to Microbiota composition from Infants to Adulthood

W zZDV SUHYLRXVO\ EHOLHYHG WKDW LQIDQWY DUH S
sterile environment, but studies have now demonstrated that amniotic fluid samples,
placenta from mothers, and meconium samples fioflants contain bacterial DNA
suggesting the early exposure of infants to bac @et al., 2019; de Goffau et al.,
2019;Aagaard et al., 2014Violes et al., 2013). However, this is mutdbated (Perez

Mufoz et al., 2017) due to issues with contamination and varying interpretations, thus we

emphasize on microbiota development from infancy to adults in this review.

The gut microbiota in the early stages of life becomes more diverse umeticites a

stable aduHlike composition by two to fouyears of age. Following birthhé gut is

colonied by facultative anaerobes due to the partially aerobic or microaerophilic

environment. These then generate the appropriate atmosphere for the development of

anaerobes by consuming the available oxygen. Thereatfter, followed by early exposure to
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food (breat milk or infant formula), this composition changes and facultative anaerobes
such asBifidobacterium, BacteroidesindClostridiumdominate(Voreades et al., 2014)

An initial decrease in Proteobacteria dhgterobacteriaceasccompanied by increases

in Bacteroidetes and bifidobadtehave been reported in mastydies (Bokulich et al.,
2016}Béackhedkt al., 2015). The establishment of tiel&like microbiota occurs at two

four years of age, which is represented by high relative abundance of Bacteroidetes and
Firmicutes (Fouhy et al2019).

It is largely accepted that mother is the most important source of the gut microbiota for
infants (Ferretti et al., 201&snicar et al., 2017). The establishment of the healthy infant
gut microbiota and its subsequent development is a continuous process that is influenced
by several factors. Mode of delivery is one of the first factors that influences the infant
gut microbota, with vaginallydelivered infants having microbiota that is more diverse
and similar to their mothers vaginal microbiota while caesarean sdxdfonnfants are
deprived of this exposure and thus have gut microbiota similar to their mothers' skin and
the hospital environment. These differences are significant and studies have demonstrated
an increased association Bfopionibacterium Corynebacterium StaphylococcysC.

difficile andStreptococcuand lower abundances of bifidobacteria &adteroideswvith

caesareadorn neonates, wheredsactobacillus Prevotella and Sneathiaspp. are

associated with vaginalgeelivered neonatg@\gadet al., 2013DominguezBello et al,

2010, Penders et al., 2006). Feeding habit is another crucial factor affecting the infant gut
microbiota composition. Because of the presence of oligosaccharides in human milk
(human milk oligosaccharides, HMOs) that are largely used by bifidobacteréstied
infants show higher levels of bifidobacteria compared to forffedainfants, and the

proportions remain high even peagéaning |Bezirtzoglouet al., 2011jFallaniet al.,

2011). Bacteroides, StreptococcusandLactobacillushave also been reported in

breastfed infantgHarmsefmet al., 2000). Formuléed infants present higher abundances

of Escherichia coliC difficile, theBacteroides fragiligroup, and lactobacilli than their
breastfed counterparts (Penders et al., 2006). Gestational age is another factor that affects
the gut microbiota composition with preterm infants showing lower diversity, higher
abundance of Proteobacteria and reducecklde of obligate anaerobes such as
Bifidobacterium Bacteroides andAtopobiumcompared to futterm infants (Hill et al.,
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2017, Moles2013;Arboleyget al., 2012). Another factor is antibiotic administration, as

shown in Figue 22 and is discussed below.

Figure 22: Diagrammatic representation of effect of various antibiotics on human gut

microbiota (green denotes increasing levels, while red indicates decrease)

The gut microbial composition changes throughout pregnancy aedltny pregnancy

is characterisd by an increase in the bacterial load and profound alterations in the
composition of gut microbiotéNuriel-Ohayon et al., 2016Puring the first to the third
trimester & pregnancy, major changes such as an overall increase in Proteobacteria and
Actinobacteria and reduced richness have been reported owing to the major physiological
changeqKoren et al., 2012)Also, the vaginal microbta during pregnancy has been
reported to changet represented by high bacterial load with highctobacillus
abundance, low richness and diversity compared to the vaginal microbiota -of non

pregnanfemales (Freitas et al., 201Xagaard et al., 2012).
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The gut microbiota of healthy adults is predominantly composed of the phyla Firmicutes
and Bacteroidetes, representing the majority, followed by Actinobacteria, Proteobacteria
and Verrucomicrobia (Arumugaraet al., 2011).Indeed, the gut microbiome can be
perturbed by shoiterm use or even lowdoses of antibiotics that can have lgegn

effects on health (Jernberg et al., 2010), this cautions against the misuse and overuse of

antibiotics, particularly in pregnant women and young children.
2.4  Antibiotic Types Commonly Administered

The use of antibiotic therapy during pregnancy and lactation varies depending on the
underlying condition, country and medical guidelines, but some of the most commonly

prescribed antibiotics during pregnancy are ta&téam antibaterials |Petersefet al.,

2010). Some of the other antibiotic classes prescribed include
sulphonamides/trimethoprim and macrolides/lincosamides/streptogramins (Jonge et al.,
2014). Common infections for which antibiotics aregaribed during pregnancy include

urinary tract infections (UT]I), respiratory tract infections, skin or ear infections, bacterial

vaginosis and fever of unknown oridiRdtersefet al., 2010Heikkila, 1993). Antibiotics

are frequently administered to mothers during labour to prevent Grospeptococcus
transmission, to reduce and prevent infections in the endometrium and to prevent wound
infections (Braye et al., 2019); though the WHO advises against the prophylactic use of
antibiotics post uncomplicated delivery. This is of concern as infant antibiotic exposure
through intrapartum antibiotic prophylaxis (IAP) has been shown to alter infant gut
microbial diversity (Tapiainen et al., 2019). Further, antibiotics are commordgriived

to newborns, owing to their high susceptibility to infections and lowered immunity,
particularly in prematre infants (Clark et al., 200&ergnano et al., 2005). The most
commonly used antibiotics for infants include amoxicillin, -atnoxiclav,
bereylpenicillin, cephalosporins, gentamycin, vancomycin, clindamycin and
azithromycin. These antibiotics are indicated in respiratory and ear infections, bronchitis,
pharyngitis and high temperature (Centre for Disease Control, 2017). 2dble

summarises thcommonly used antibiotics and their indication for use.

Table2.1: Summary of the various antibiotics used commonly, their mode of action and

indications when used.
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Antibiotic Class of| Broad/narrow | Mode  of | Target Reference
antibiotic | spectrum action pathogen
Amoxicillin | Beta Broad Bactericidal | Rhinosinu | Akhavan et
, Ampicillin | lactam spectrum sitis, al., 2020;
respiratory| Peechakara
and et al., 2020
genitourin
ary tract
infections,
septicemia
Cephalospo| Beta Broad Bactericidal | Urinary Bui and
rn lactam spectrum and Preuss 202(
respiratory
tract
infection,
gram
negative
bacteria
Azithromyc | Macrolide | Broad Bactericidal | Sinusitis, | Pitsouni et
in/Erythrom | s spectrum pneumoni | al., 2007;
ycin a, Patel and
respiratory| Hashmi
tract and 2021
skin
infection,
urogenital
and
chlamydia
| infection
Metronidaz | Nitroimida | Broad Bactericidal | Protozoal | Rinehet al.,
ole zole spectrum infections, | 2014; Weir
C. diffidle
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infections, | and Le
gram 2020.
negative
bacterial
infections
Gentamycin| Aminogly | Broad Bactericidal | Urinary Habak
coside spectrum tract andGriggs,
infection, | 2020;
gram Chaves anc
negative | Tadi, 2021.
bacterial
infections

2.5 Impact of Antibiotics on Gut Microbial Composition
2.5.1 Impact of antibiotics during pregnancy and lactation

Perinatal and peripartum antibiotic use can impact gut micrablahisationand the
resistome profile in infants (Wong et al., 2020; Zhou et al., 2020). To understand the
potential impact of antibiotic administration on offspring during pregnancy, scientists
examined the temporal impact of cefoperazone, on both maternal andingffsp
microbiota when administered during the peripartum period in driddeficient murine
model of colitis (Miyoshi et al., 2017). Offspring from cefoperazernposed dams
developed altered gut microbial communities into adulthood and had increased
suscetibility to spontaneous and chemicalhduced colitis (Miyoshi et al., 2017).
Similar results were demonstrated $ghulfer et al. (2018), who inoculated gefirae
pregnant mice with an antibiotedtered microbial community. They observed that the

altered microbial community was transmitted to thel-deficient offspring which

resulted in thelevelopment of markedly increased coljislfulfenet al., 2018 Another

study demonstrated that uptake of antibiotics during pregnancy can lead to alterations in
the vaginal microbial composition before birth (Stokholm et al., 2014); this can impact

the microbial composition infants receive attti(Dobbler et al., 2019). Maternal
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antibiotic uptake during pregnancy has been reported to be associated with altered

microbial composition depending on the antibiotic t{AEa(d et al., 2016Coker et al.,

2019). It is also associated with increased risk of asthma and allergy in the infant

Stokholmet al., 2014, although there is some controversy around this (Kim et al., 2019),

as well as with functional impairment in development and cogn@ et al.,

2008), obesy (Mueller et al.,2015), immunological alterations and development of

diabetegTormo-Badiget al., 2014) in offspring.

Many studies have demonstratbdt IAP-exposed infants in the first weeks of life have

lower proportions of Actinobacteria and Bacteroidgiésgacka ghl., 2017}Aloisio et

al., 2016), high oral Proteobacteria levgkoezArango efal., 2017) and lower levels

of bifidobacterialflazzola ﬁal., 2016). At 3 months, theshow undetrepresentation of

Bacteroides Parabacteroidesand higherEnterococcusand Clostridium (Azad egal.,
2016), as well as higher ahliance ofEnterobacteriaceaﬂazzola etal., 2016), as

compared to nofantibiotic exposed infants. Similar results were reported in a recent

study including 22 newborns which demonstrated that maternal intrapartum antibiotics
can affect the infant oral microbiota with phyla

ActinobacterieﬁBacteroideteandProteobacteriaeing more abundaim infants of

antibiotictreated mothers (lat al., 2019). Another study in 28 preterm infants (with fecal
samples collected on day 7 and 14 from birth) demonstrated similar results with decreases
in Bacteroidetes arifidobacteriumn prenatal antibiotiexposed infants and suggested
that the akred microbiota resembled the resistant bacteria in the neonatal intensive care
unit (NICU) during the same period (Zou et al., 2018). Many of these effects are similar
to those observed following postnatal antibiotic administration (Tapiainen et al), 2019
Ampicillin use as an intrapartum prophylactic drug in mothers against group B
Streptococcusgs also demonstrated to reduce the levels of bifidobacteria in infants
(Aloisio et al.,2014). Similar effects of perinatal antibiotic exposure have been olserve

in preterm infants (n=40); marked by increased levelSmérobacteriaceapecies and
reduced levels dBacteroidacea¢Arboleya et al.2016).

Maternal antibiotic administration during lactation also influences the milk microbiota
@t al.,2019{Sotokt al.,2014, which can in turn influence the infanttgu

microbial composition.
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2.5.2 Impact of antibiotic administration directly to infants on the infant gut

microbiota

Premature infants are very often treated with antibiotics owing to their health conditions,
and antibiotics are one of the most commaanscribed drugs in the NICU (Clark, 2006).
Many of the prophylactic antibiotics are bresplectrum and thus affect a huge proportion

of the gut bacterial community, leading to many alterations in the early establishment
pattern. Studies have reported therty preterm infants who received prolonged antibiotic
treatment had less diverse bacterial populations and reduced species richness in their gut
and more antibiotic resistangenes (Gasparrini et al., 20XQibson et al., 2016). Both
shortterm and longerm exposure of preterm infants to antibiotics can alter their
gastrointestinal microbiota. Theschanges include decreases bifidobacteria and
Bacteroideteselative abundance, and an increadenterococcusbundanceGasparrini

et al., 2019 Zwittink et al.,2018; Zou et al., 2018 Extended antibiotic treatment in
premature infants can result in increased risk of developingfetet sepsis (primarily
caused by group BStreptococcys necrotifng enterocolitis and overalinortality
(Esaiassen edl., 2017 Kuppala et al., 2071

Amoxicillin treatment in infants (n=31) for seven days was shown to completely eradicate
Bifidobacterium adolescentg&pecies which was accompaniegdecreased diversity of

the bifidobacteria population (Mangin et ap10. In a cohort of 18 infantsye have
previously found that the use of ampicillin and gentamicin in early life resulted in higher
levels of Proteobacteria and lower proportionBififlobacteriumandLactobacillusfour

and eightwveeks after the treaent Fouhyetal.,2012. A study reporting on the effects

of administering the broaspectrum antibiotic, cefalaxj in 26 infants, in the first four
days of life revealed that the gut microbiota of antibitttmted infants showed less
diversity than tk control antibiotiefree infantgTanaka et al., 2009). The antibiotic also
arrested the growth of some bacterial groups such as bifidobacteria and resulted in
unusual colonisation of Enterococcusin the first week. Further to this, a high
Enterobacteriagaepopulation was observed one month following antibiotic treatment as
compared to the control antibiotitree infants (Tanaka et al., 2009). Antibiotics change

the dominant members of the bacterial community which could have profound effects on

50



immune development, metabolism and growth of the infant (Cox et al., 2014, Nobel et
al., 2015).

Similar results of reduced gut microbiota diversity have been observed in children (n=39,
monthly sampling in the first thrggears of life) who have undergemntibiotic therapy.

The authors also reported the presence of Antibiotic Resistance Genes (ARG) on mobile
genetic elements long after cessation of treatment (Yassour et al., 2016). Antibiotic use
during infancy and childhood has been associated wittedltaicrobial composition and
metabolic functionsKorpela et al.2016), higher risk of asthma and allergy development

(Ni et al., 2019YamamoteHanadeet al., 201y and obesityRailey et al., 2014) in later

life.

2.5.3 Impact of antibiotics on the gut and oal microbiota in adults

To investigate the long term effects of antibiotics on the healthy state microbial
composition, the antibiotics amoxicillin (nzmaet al., 2005), ciprofloxacin
(n=3) [Les Dethlefsen2008) and cefprozil (n=24)|Raymond et al., 2016) were
administered to healthy individuals. These studies reportethges in microbial

composition persisting foup to 12weeks after treatment had ended with incomplete
restoration of microbial composition and emergence of antibiesiistant straingn one

study, the authors examined the distal gut microbiota oé thdéviduals over 10 months
postadministration of the antibiotic ciprofloxacin. They reported that the effect of
ciprofloxacin on the gut microbiota was profound and rapid with a decrease in richness
and diversity of microbiota accompanied by shifts Evels of Bacteroidetes,
Lachnospiracea@and theRuminococcaceaddy one week after the end of each course,
communities began to return to their initial state, but the return was incomplete and
variable from the initial stage (Dethlefséfa Relman 201) Marny studies have
investigated the lonterm impact on gut microbiota following a course of antibiotics. A
shat-term course of clindamycin (seveays) resulted in significant disturbances in the
bacterial community such as a sharp declineBacteroides(Jernberg et al.2007,
Léfmark et al. 2006 and enterococcal colonidsiidgren et al.2009 that remained for

up to two years podteatment and was accompanied by increased levels of antibiotic
resistance genes and straibm{gren et al.2009 Jernberg et al2007;Lofmark et al.,

2006. Another study (n=10) that analysed adult fecal samples from 11 days to 12 months
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postantibiotic treatment demonstrated that the use of ciprofloxacin for 10 days resulted
in lower abundances @ifidobacteriumbut did not affect.actobacillusandBacteroides
levels, but clindamycin treatment for the same number of days chastxbacillusand
Bifidobacteriumto decrease anifidobacteriumdid not normalie until oneyear post
treatment, showing that differenbacterial groups redne different times for

normalisation posttreatment (Rashid et al., 2015).

Perez Cobas et dR013) also reported that the type of antibiotic, whether static or cidal,
had varying effects on the gut microbiota which was reflected at the functional level. For
instance in a study of four subjects, a bacteriostatic drudtedsa the flourishing b
gramnegative bacteria which was related to an increase in the number of genes involved
in lipopolysaccharide (LPS) synthesis, while the bactericidal drug was associated with an
increase irgrampositive bacteria which was accompanied by an-oepresetation of

genes involved in endospore formati@; et al., 2013). Antibiotic
administration for the eradicatiaf Helicobacter pylordemonstrated that the antibiotics

can affect the indigenous microbiota and lead to the development of resistant strains

which can persist for years afteeatment Jakobsson et al., 2018j6lund et al., 2003

Furthermore many antibiotics are used for dentistry procedures routinely. These
antibiotics can increase the number of resistant strains present orally, can increase the
minimum inhibitory concentrations (MICs) and can also eliminate thepatimogenic

strains Ready et aJ.2004 Harrison et al.1985, which can lead to systemic infections

and inflammation.

2.6  Consequences of Antibiotilnduced Microbiota Changes for Health and

Disease
2.6.1 In Adults

Due to the role of the microbiota in host metabolism and physiology, rstaicyes
postulate that microbial imbalances can be reltiaabesity (Scott et al., 201Rjley et

al., 2013), diabetepMikkelsenet al, 2015;Boursi et al.2015), and asthma(rieta et

al., 2015 Kozyrskyj et al.,2007). Blaser and Falkow (2009) have suggested a link
EHWZHHQ WKH 3PLVVLQJ PLFUREHV® DQG PRGHUQ FRQ

diabetes. These multifactorial condits can be controlled by identifying the controllable
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factors such as the microbiota component and dietary habits, thus preventing them from

occurring if possible.

Studies have reported a link between antibiotic usage and ob‘éel}@t(al., 2018). Some

studies suggest that an increased ratio of Firmicutes to Bacterioatbtesthan specific

levels is associatedith obesity Kasai et al.,2015, though results are conflicting
(Schwiertz et al., 20z®uncan et al.2008. While the microbial component of obesity

Is debated, studies have reported a common change at functional microbial levels. Indeed,
obe® individuals have higher shechain fatty acid (SCFA) content compared to lean
individuals Schwiertz et al., 2010Turnbaugh et al., 2006 Furthermore, obesity is

associated with metabolic alterations related to glucose homeostasis and insulin resistance

andlinked to development of diabet@gSdniet al., 2012 In a study in 96 humans (48

each antibiotic group and controls), researchers repgsgedicant and persistent weight
gain after an episode of infectious endocarditis in patients who had been treated with

vancomycin and gentamycin (Thuayal., 201].

An association between antibicfitcduced changes in microbieblonisationand type 1
diabetes in male mice was reportéthafdon et al.2015) A combination of broad
spectrum antibiotics or vancomycin alone was given to neonatallmese diabetic mice

that spontanausly developed autoimmune tyfie diabetes. The microbiota was
significantly altered with an increase Escherichiaand Lactobacillusspecies and a
decrease of the Clostridiales order compared to controls. A major reductiorl@f IL
producing cells was also observed in the lamina propria of the ileum and the colon of
vancomycintreated mice Candon et al.,2015, which can affect host defence
mechanisms. Some studies in human populations also suggest a link between repeated

use of broaespectrum antibiotics and diabet@o(rsiet al., 2015, Mikkelsen et al.,

2016, while some suggest a protective and preventative role of antibiotics and diet in

diabetes development in diabef@®ne animals partly due tlowering of specific

antigenic load or development of tolerogenic APEs ét al., 2013Brugman R006.

Associations between alteredicrobial composition and typ2 diabetes are more
established, with decreased levels of butypatelicing bacteria reported in tyjie
diabetic patients (Gurung et al., 2020). Zhang et al. (2013) studied 121 subjects with
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normal glucose tolerance, preiiies and newly diagnosdibetes and reported that
there is modulation of the gut microbial composition at the prediabetes stage which can
act as marker for development of diabetes si#ar{g et al., 2013

Antibiotics can lead to antibiotiassociated diarrhoea (AAD) and studies have
demonstrated that clindamycin can result in alteration of the microbial community which

can promote theolonisationof potential pathogens such@sdifficile which can lead to

diarrhoea and colitisBuffie|et al., 2012AMcDonald 2017). Another study in a mouse

model reported that antibiotic treatment resulted in @dse@ alpha and beta diversity,
which potentially caused a decrease in levels of serotonin, tryptophan hydrolase and
secondary bile acids which can further affect gut motility and metabolism (Ge et al.,
2017).

2.6.2 During pregnancy and infancy

Extrinsic factos such as antibiotics can alter the diversity of the maternal microbiota that
FDQ DIIHFW WKH LQIDQWYV JXW PLFURELRWD GLYHUV|
later life, both directly and dhirectly (Tapiainenet al., 2019; Nyangahu et al., 202&ad

et al., 201§ Tormo-Badia efal., 2014. According to the hygiene hypothesis, if the host

is not exposed to a diverse rar@femicrobiota early in childhood or in the developing
stages, immuneelated disorders may develop such abraatand allergic sensitison.

Antibiotics can have a similar effect when administered during infancy. Preterm infants

are often exposed to abitbtics which results in an altered microbial composifioouet

al., 2018Gibsorjet al., 2016 Clark,2006, predisposing them to probable infections such

as necrotizing enterocolitis (NEC), and invasive fungal infectIiEBaiasseat al., 2017).

Animal studies have reported that administration of low dose ortharhpeutic
concentrations of antibiotics in early life can disturb the microbial composition, affecting
the expression of genes involved in immunity and carbohydrate otistaband can alter
metabolic homeostasis predisposing the host to adiposityitatde (Schulfer et al.,
2019]Coxlet al., 2014Chget al., 2012)Obesity has been widely linked with altered

microbial colonisationduring early life owing to the role of the gut microbiota in digtar

metabolism. Studies have demonstrated that -digelyntibiotic exposure has potential
links to increases in body mass index, overweight and central adiposity, and this can be
genderspecific affecting males morthan females (Azad et al., 201Xturphy et al.,

2014). Both murine modelsQox et al., 2014€Cho et al., 201Rand human studies have
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reported that antibiotic exposure in the first few months of life is associated with increases
in body mass index and risk of overweig@et al., 2016Baileylet al., 2014Trasande

et al., 2013 and asthmgRisnes et al.2011 Kozyrskyj et al.,2007 in childhood.
Similarly, studies have reported that antibiotic administration in early life can be

associated with heightened risk of asthma, allergy and atopic dermatitis anMilBD (

al., 2019 YamamoteHanada et al., 201’ Kronman et al., 20%2lohnsoret al., 200%.

NEC and AAD have also been associated with prolonged or prophylactic antibiotic
uptake in early lifgi{uppalget al., 2011Alexander et al.2011 Cotten et al.2009.

2.6.3 Changes in Immune response

The immune system is trained to fight pathogens during infancy, and this is the time when
microbial colonisationtakes place. Any disturbance to microlsalonisationhas been
shown to affect immune maturation due to thisdewelopmental process. Studies in
germfree mice have confirmed that the absence of microbes in the gut results in both
physiological and immuological changes to the gut environment. These changes include
alterations in mucus thickness and compositreftkuti et al.1990), reduced gastric
motility (Abrams and Bishop, 1967), improper development and functioning of intestinal

cells and immuneells Cahenzli et al., 20tBvaishnavaet al., 2008 and improper

development of the immune system (Macpherson I&, 2004;Bauer et al. 1963).
Antibiotic treatment has been shown to reduce the thickness of the colonic mucus layer
thus increasing the risk of pathogen invasamd intestinal inflammation in eight to ten
week old mice\(Vlodarska et al., 20)1Another study in mice reporteédat antibiotie
induced alterations in the microbiota shift the TH1/TH2 balance towarddbrfinant
immunity +which leads to atopy development, accompanied by a reduced number of
lymphocytes (Oyama et al.,, 2001). Altered microbial composition, and dltEee
maturation profile such as dowagulation of genes coding for MHC class 1b and class

Il proteins and products of paneth cells such as defensins were seeaapustyl

treatment in neonatal rats, which could affect mucosal barrier developBoboinianiet
al., 2005).

A study demonstrated that certain molecules produced by bacteria in the gut are involved

in immune system maturatioindeed, gernfree mice colonied with B. fragilis
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producing a bacteria polysaccharide resulted in correctirgglAdeficiencies and
improving T(H)1/T(H)2 imbalances along with promoting lymphoid organogenesis; this

was not observed in the case of the -potysaccharidgroducing mutanB. fragilis

Mazmanian qtal., 2005). Studies have reported that the secretion of antimicrobial

peptides by intestinal epithelial cells is regulated by the microbiota in the
microenwronment. Gerrrfree mice colonied with conventional or human microbiota or
specific probiotic species or lipopolysaccharides demonstrated increased production of
antimicrobial petides like REGIF ERRVWLQJ WKH LQQ PXQH
al., 2013[Brandl etal., 2008/ Cash ggl., 2006).

A study in mice demonstrated that prenatal antibiotics not only altered the pattern of
microbiotacolonisationin infant mice but also negatively affected the activity of CD8+

T lymphocytes towards viral infections affecting their immune responses (Gpnzale
Perez et al., 2016). Further, they also observed that infant mice were more susceptible to
infection when born in stricter hygienic facilities (Gonzalerez et al., 2016). Similar
results were reported peasitibiotic treatment in another murine moadh low bacterial
diversity alongside reduced cytokine production by CD4ymphocytes and reduced
production of interferon +LOO HW DO ,Q D VWXG\ LQYROY
authors reported that subjects with low titres of infectiahtaeated with antibiotics had

low immune responses accompanied with microbiota loss, low immunoglobulin (Ig) G1,
IgA, and secondary bile acid levelgainst the infectio @et al., 2019).

These studies demonstrate the complex relationship between the microbidta hositt

immune response, and the impact of antibiotics on this interaction which needs to be
further studied. It can also impact the effectiveness of vaccines usednpibgitic
treatment. This is more relevant now than ever when the global populatiming

vaccinated to protect against COVID infection.

2.7 Influence of Antibiotic-Induced Changes on Microbiota Functionality and

Bacterial Behaviour at SingleCell Level
2.7.1 Changes in metabolites

The gut microbiota is responsible for the production of massential metabolites
including SCFAs and amino acids (Mills et al., 2019). Studies have reported that
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commensaproduced butyrate and propionate have-gritammatory roles, promoting
the generation and differentiation of regulatory T celipéia et al, 2013;Furusawa et
al., 2013), with roles in energy metabolisidgVadder et al., 2014den Besten et al.,
2013. By impacting the composition of the microbial community, antibiotics also alter

microbiota functionality and thus the metabolites prodyéedréret al., 2017).

For example, mtabolomics profiles were anagd in antibiotietreated piglets fed a
cornsoy basal diet with or without-feed antibiotics from postnatal day 7 to day 42. The
antibiotictreated group had higher concentrations of metabolites associated with amino
acid metabolism, decreasing the carication of amino acids. A reduction in SCFA
production was also reported as levels of butyrate and propionate were decreased (Mu et
al., 2017). Another study in piglets (day 7 to 21) demonstrated that fecal microbiota
transplant and antibiotic (amoxicillj treatment both resulted in lowering of fatty acid
oxidative catabolism and amino acid biosynthesis, though antibiotics had a more

significant effect (Wan et al., 2019).

Multiple studies performed in mouse models have elucidated the effects of amtibiot
treatment on host metabolic functions. A study in antibiotic (streptomtyreiajed mice
reported that antibiotic administration can affect pathways of hormone synthesis such as
steroids and eicosanoids, along with altering the pathways involved in bigaacids,
and amino acid metabolism, thus suggesting the role of the microbiota in these pathways
(Antunes et al., 201) Lin Sun et al. reported that mice treated with antibiotics
(enrofloxacin, vancomycin, and polymixin B sulfate) showedregulatel gene
expression of various cytokines in the colon, with significant metabolic shifts in valine,
leucine, and isoleucine biosynthesis pathways. These alterations correlated to changes in
microbial composition (Sun et al., 2019). One study reported tinatachycin treatment
in mice resulted in significant changes in metabolite composition (30% of the compounds
analysed); the restoration of which was associated with recovery of the altered microbiota
(Jump et al., 2014). Zhao et al. reported that antibictmtment altered the products of
bacterial metabolism. This included decreased levels of SCFAs, amino acids (correlated
with abundance oPrevotellg Alistipesand Barnesiellg and increased precursors like
bile acids and oligosaccharides (associatedh Wwigh levels of facultative anaerobic
bacteria,Enterococcus faecali€nterococcus faeciurand Mycoplasma (Zhao et al.,
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2013). Microbial depletion in mice due to antibiotic uptake decreased baseline serum
glucose levels, improved insulin sensitivity (dapar et al., 2018), altered systemic
glucose metabolism along with changes in expressions of the genes in the liver and ileum
involved in glucose and bile acid metabolidRodrigueset al., 2017). This was reported

to be accompanied by reduced levelS6GfFAs and secondary bile acid pools (Zarrinpar

et al., 2018). Similar results were reported following vancomycin treatment (Vrieze et al.,

2014). This can lead to impairment of barrier funct|&elly|et al., 2015); act as a

causative factor in the development of ulcerative colMsadhiels et al.2014), and
Salmonellanfection |@i|lis et al., 2017).

Studies have also reported that antibiotic uptake can result in changes im prote
expression, energy metabolism in the microbiota, with a slight increase following
antibiotic therapy, which may be as a coping mechanism to antibiotic stress but decreased
at later stages and pemttibiotic usage (Pére2obas et al., 2013). Another diu
demonstrated that antibiotics have a-dependant effect on host metabolism. They
reported that vancomycin and ciprofloxaonetronidazole treatment resulted in
significant reductions of Firmicutes and SCFAs in female mice, which was only observed
after vancomycin treatment in males. They also reported that both antibiotic exposures
significantly decreased the levels of alanine, brandtein amino acids (BCAAs;
leucine, isoleucine, and valine) and aromatic amino acids in colonic contents of female

mice but not in male mice (Gao et al., 2019).

2.7.2 Accumulation of metabolites/xenobiotics

Xenobiotics (including antibiotics, heavy metals, and environmental chemicals) have an
impact on gut microbial composition. The effect here is cyclical in that the mitadsi
necessary for xenobiotic biotransformation (FigR2. The metabolism of xenobiotics
before it reaches its target organ site is largely dependent on the microbiota. The gut
microbiota can affect the xenobiotics REfé in the host, the extent tghich they reach
WKH WDUJHW UHFHSWRU DQG PD\ DOVR LQIOXHQFH WHK
(Koppel et al., 2017). Botim vivoandin vitro studies have shown that the gut microbiota
is involved in the biotransformation of xenobiotet al., 2013). Studies using germ
free and conventional rodents reported that the absence of gut micrafifiécted gene
expression of many liveenzymes including active androstane receptor and host
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detoxifying enzymes such as glutathione peroxidases, sulfotransferase, epoxide

hydrolases, and {dcteyltransferase$Bjorkholm| et al., 2009;Meinl et al., 2009).

However, the absence wficrobes necessary for metabwlg particular compounds can
result in their accumulation in the host which may lead to toxi€yrofloxacin
administration to SPF and gefinree mice revealed decreases in hepatic Cyp3all
expression, this was associated to the gut microbiota. The lower lithocholic acid (LCA)
levels due to decreases in Lépoducing bacteria posintibiotic administation could

be responsible for decreases in expression of Cyp3all. Similar effects in humans can
result in less clearance of multiple CYP3A4 (human ansad Cyp3all)dependant
medications (Lynch & Price, 2007).

Figure 2.3: Figure demonstrating cyclical relation between gut microbiota, xenobiotics

and metabolites

Another study speculated that increased levels of hepatic lipid accumulation and TG
levels in mice were due to antibiotic treatment and the altered gut microfpbsidion

(Jin et al., 2016). Studies have shown that antibiotic treatment in mice increases the levels
of sialic acid and succinate which increase the susceptibility of the Hslinh@nellaand

C. difficile infections |Ferreyra gfal., 2014;|Ng|et al., 2013 In the same mannean

antibioticaltered microbial composition can result in deficiencies of certain metabolites
or vitamins that are solely produced by bacteria. For example, one study reported that
antibioticinduced changes in the gut microbiota of mice resulted in shifispper (Cu)
metabolism. This can have consequences for immunity and the intestinal barrier due to

the role of Cu in these functions (Miller et al., 2019).
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Furthermore, croskeeding is a significant feature of the gut microbiota. For
example Bifidobacterium adolescentigroducedactate and acetate by utihg fructo
oligosaccharides and starch. Butyrpteducing anaerobes cannot uslisfructe
oligosaccharides and starch but rely on lactate and acetate as growth substrates.
ThereforeB. adolescentigndirectly facilitates the proliferation and expansion of
butyrateproducing speciethrough crosgeeding. This type of dependency is also seen
in many other bacterial groups (Rowland et al., 2018; Heinken & Thiele, 2015). This co
dependencyan be disturbed by antibiotic use leading to increased accumulation or
deficiency of some metabolites/compounds. For example, a study repaléetease in
abundance of gramegative bacteria in the ghly vancomycin which is a grapositive
targeting atibiotic (Ubeda et al., 2010). This can be due to the interdependency of

bacteria in their community.

2.7.3 Changes in Bacterial signalling pattern

Antibiotics can alter the transcription of several major functional genes such as those
encoding transport protes, genes involved in metabolism of carbohydrates, and protein

synthesigll(in|et al.,2005]Gohet al.,2002. A study demonstrated induced expression

of virulenceassociated genes . aeruginosaleading to higher secretion of

rhamnolpids and phenazines on exposure toishibitory concentrations of antibiotics

Shen et al., 2098 Many studies have reported that aminoglycosides (Hoffman,et al

2005), Béa lactams Ng et al., 2013 Kaplan et al., 2012 vancomycin and oxacillin

Mirani|& Jamil, 2010 can induce biofilm formation even at sldthal concentrations.

These biofilms then act as reservoirs of antibiotic resistance. This confers additional
resistance to bacteria against several antibiotics and host defence, which can make
treatment difficl in humans and can cause several issues such as blockage of

pipes/equipment in healthcare settings and food industries (Muhammad et al., 2020).

Bacteria interact with their host using pattern recognition receptors (PRR) via signalling

through the produon of bile acids, SCFAs, fatty acids, amino acids,

lipopolysaccharidedjpoteichoic acid, flagellin, CpG DNA and peptidoglycan. These

signalling molecules either serve as a source of energy for other cells, regulate or
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modulate the function of immunellsesuch as monocytes, macrophages, T cells via G
protein coupled receptor and nuclear receptor family, free fatty acid receptors (Brestoff
& Artis, 2013). Antibiotic use results in a reduction of these bacteria and hence the PRRs
such as TLR signalling @ndownstream regulation of innate defences (Willing et al.,
2011). A study reported that an antibieti@diated decrease in butyrgeducing
bacteria resulted in reduced epithelial signalling through the intracellular butyrate sensor
peroxisome prolifetar-DFWLYDWHG UHFHSWRWORBBHSW DO
antibiotic disruption of the commensal microbiota in newborn mice increases their
susceptibility to pneumonia, due to interrupted migration of interleukin 22 producing
lymphoid cells (I1.-22+ILC3) (Gray et al., 2017). This effect could be reversed by transfer
of commensal microbiota to mice at birth (Gray et al., 2017). Another study reported the
importance of commensals in protecting against colon injury and maintaining intestinal
homeosasis (SethRakofNahoum 2004). In this case, commensals induced release of
protective factors via TLRs; these factors were not released in mice treated with
antibiotics lacking the commensal bacte@thRakofNahoum2004). Antibiotics can

thus impact coplex hostmicrobial interactions due to changes in microbial community

composition.

2.7.4 Antibiotic resistance gene reservoir

Antibiotic resistance genes are now reported to be found in the environment including
oceans and freshwater bodid$atosy & Martiny, 2015, soil (& \F Ret al., 2019),

glaciers Gegawa et al.2013), the food chain, and also within humans. Apart from

bacteria, viruses have also been reported to be carrigkR@& (Debroas & Sigret,
2019). Some of this spread of antibiotic resistance genes is historical such as in some
untouched/uncontaminated environments (Van GoetB8t&8) but much of it is because

of the wide use of antibiotics by humans.

For instance, apart from their uisetreating infections in humans, antibiotics have been

widely used as growth promoters for weight gain in anirfiglgayget al., 2003) antb

treat and control infection®{ng, 2014; McManus et al.2002). They have also been

used in aquaculture for similar reasghslijwa|et al., 2019 Cabellq 2006). Some of

these antibiotics are the same as, or are structurally similar to the ones used to treat human
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infections such as erythromycin, gentamycin, enrofloxacin, neomycin, streptomycin

Marshall& Levy 2011) The development of antibiotiesistant bacteria in agriculture

and aquaculture is a serious concern as such bacteria can enter humans through the food
chain promoting croseesistance and alsodece the susceptibility of infectious bacteria

to antibiotic treatment.

Humans are reservoirs of antibiotic resistance gedlesnente et al., 201Bailey etal.,

2010; Sommer et al., 2018nd the gut has been pinpointed as the epicentre of antibiotic
resistance (Carlet et al., 2012). Intriguingly, some studies have reported the presence of
ARGs in humans from remote communities who have had very limited exposure to
antibiotic therapy. Thereported high levels of acquired resistance to antibiotics such as

tetracycline,  ampicillin,  trimethoprim/sulfamethoxazole,  streptomycin  and

chloramphenico|Bartoloni et al., 200P Similarly, ARGs in healthy humans have been
reported despite the absence of antibiotic &sdnge et al., 201%le Vries et al., 2011;

Sommer et al.2009. Studies in healthy infants and children who have never been
expased to antibiotics report the presence of genes that confer resistancel&ctaets,
fluoroquinolones, tetracycline, macrolide, sulphonamide or multiple drug classes. The
major ARG carriers were found to be
Enterococcuspp, Staphylococcuspp, Klebsiellaspp, Streptococcuspp,
andEscherichidShigellaspp (Casaburi et al., 201Moore et al., 2013Zhang et al.,
2011|Karami et al., ZOOF

In the gut, bacteria can horizontally and vertically transmit genes to other related or
unrelated bacteria due to their proximity via mobile genetic elements (Z2p/ARGs

in the infant gut microbiota can be derived from that of their mothers, as AR baeateria

be transmitted from mother to infant through breastfeeding (Parnanen et al., 2018). The
presence of ARGs in humans is a global crisis because it makes the treatment of infections
more difficult, costly and inefficient.

Table2.2: Various mobile genetic elements that can be used for transfer of ARGs

Mobile elements and transfer of resistance genes
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Vehicle element Description

Some Antibiotic resistance gen

(Partridge et al., 2009

recombination system

transported
Plasmids Extra chromosomg Colistin  resistance, extendg
. material spectrum - O D FW Bldtms,
Rozwandowicpet al.,

2018) aminoglycoside, quinolone
sulphonamides, tetracyclin
chloramphenicol, trimethoprim.

Integrons Genetic elements wit| Sulphonamide resistance (sul

site-specific DPLQRJO\FR V-laGdtn¥,

guinolones, chloramphenicol ar

trimethoprim

(Lupski 1987)

Transposons Mobile elements tha
need integration int(

chromosome or plasmid

-lactams, Macrolides
aminodycoside,

chloramphenicol, Tetracycline

2.8 Non-Microbiota Associated Effects of Antibiotics

2.8.1 In Pregnancy

Associations between antibiotic usage during pregnancy with neonatal and congenital

abnormalities have been reported. For example, studies have reported an increased risk

of developing cerebral palsy, epilepsy, cardiac and genital malformations in inéants

to mothers treated with macrolides during pregnancy and which are more harmful when

consumed during the firgtimester (Meeraus et al., 201%allén|& Danielsson2014;

Kenyon et al., 2008). Similarly, amoxicillin use during the first trimester was linked to

cleft lip and cleft palate development, and though reported in asiyall number of

cases, it exemplifies the adverse effects of antibiotic use during preg@@t @al.,

2012). Birth defects such as miesphthalmos, hypoplastic left heart syndrome, atrial

septal defects, and cleft lip with cleft palate have also been associated with the use of

sulfonamides and nitrofurantoin during the first trimester of pregnancy (Crider et al.,

2009). Similarly, trimetbprim-sulphonamide use during pregnancy is associated with

higher risk of cardiovascular malformatio
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et al., 2001). The evidence in all




cases is mixe Muand%et al., 2017), and is usually linked with consumption during the

early months of pregnancy. This could be due to thelattierial impactinghe neonate

during the organogenesis and early development staggsra Though the examples
cited represent potential associations and not causal relationships, a reappraisal of

antibiotic usage during pregnancy is warranted.

2.8.2 General Effects

Studieshave reported that antibiotics can exert direct toxic effects on host tissues such as

mitochondrial damage, suppressed ribosomal gene exprestogulet al., 2015) and

oxidative tissue damage in mammalian cellsalghatgi et al., 2013). Though

controversial, some studies suggest that antibiotic use can be related to increased risk of

breast canceTamimlet al., 2008Velicer et al. 2004 and increased risk of miscarriage

(Fan et al., 2019 Sometimes, antibiotics can worsen the condition they aretrnueaeat.

The bactericidal action of many bdgctam antibiotics has been reported torease

toxin production such as hija toxin which is released from entero
haemorrhagi&scherichia coli predisposing the host to a higher risk of haemolytic
uremicsyndrome(Wong et al., 2000Kimmitt et al.,1999. Antibiotics can also affect

host metabolism directly without microbes as a mediator, while making the targeted
pathogen less susceptible to the antibiotic. These changes in host metabolites are mostly
local to the site of infection and include high levels of AMP which decrease the efficacy
of antibiotics and also increase phagocytic activity. This was accompanied by impaired
immune function because of the inhibitory effect of antibiotics on the respyirattivity

of immune cellsYang et al.2017).

2.9 Antibiotic alternatives and use of probiotics for restoring the microbial

community and betterment of health.

It is now well established that antibiotic use results in changes in microbial composition,
the consequences of which can be detrimental for the host. Certain approaches can be
used along with or postntibiotic therapy to restore the microbial composition faster
(Figure2.4). Probiotics are widely used for this purpose and have been shown to increase
the abundancef beneficial microbes, stabiBsthe microbial community and thus
alleviate the effects of antibioticKgrpela et al.2018, 2016Cha et al.2012). Probiotics

exert their effects by promoting antimicrobial peptide production, producing bacteriocins,
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suppressing the growth of n@aommensals via competing for nutrients and receptors on
intestinal mucosa, enhancing barrier function in the gut, and maodylahmurity
(Cazorla et al., 2018ue et al., 2017Q'Shea et al2012;Bron et al.,2011; Collado et

al., 2007, but the use of probiotics may not lead to complete restoration of the gut

microbiota.

Figure2.4: Figure demonstrating various alternatives to antibiotics that can be used by

itself or in some cases in conjunction with antibiotic treatment.

Fecal microbiota transplant (FMT) can be more beneficial for regaining microbial balance
in the gut (Suez et.a2018). FMT has been widely used therapeutically for rebalancing
the microbiota ofC. difficile-infected patients; restoring their microbial and metabolic
activity (Weingarden et al2014). FMT can also utilise donor fecal material from the
patient itelf before antibiotic thepy, known as autologous FMMany factors such as

efficacy, cost and suitability make FMT an attractive option but detailed studies are
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needed to optimise the process and understand other probable therapeutic applications
beyondgut disordergRamajet al., 2019Allegretti et al.,2019).

One of the major issues of antibiotic use is development of bactesatance.
Alternatives such as bacteriophage (phage) therapy and bacteriocins are now being
investigated as substitutes for antibiotics or complementary therapies with antibiotics to
overcome the issue of resistance. Phage therapy was first descrihestdnad the early
1900s, but due to the introduction of antibiotics, phage therapy was dismissed in western

medicine|lin|et al., 2017), althagh it is still practised in certain regions of the world

including Georgia, Russia and Poland (Hill et al., 2018). With the growing antibiotic
resistance crisis, phage therapy is now being revisited. The use of phage therapy to reduce
biofilm and treat lag infections has been studied in mouse models and it has been
demonstrated that phage therapy successfully treats respiPatagruginosanfection

(Fong et al.,, 2017; Waters et al.,, 20180 et al., 2015). Aeport based omsing
personalied phage thrapy for treating a patient with MDR. baumanniireported
clearance of infection and success of the treatngaitdoley et al., 20)7Furthermore,

case reports of patients with bacterial prostatitis and septicaemia and acute kidney injury
reported pathgen eradication and decrease in clinical symptoms post phage therapy
(Letkiewicz et al., 2009, Jennes et al., 2017). Another study reported that 67 of 96
SDWLHQWVY ZRXQGYVY DQG XOFHUV KHDOHG SRVW SKD
reduction in pathogns (Markoishvili et al., 2002). Use of engineered bacteriophages to
treatdrugresistantvlycobacterium abscesswas reported to show clinical improvement

in a patient with cystic fibrosis (Dedrick et al., 2019). Another promising approach is the
use of phage lytic proteins as antimicrobial compounds (Mondal et al., 2020), making

phages a strong antibacterial comtenof antibiotics.

Bacteriocins represent another category of potential antibiotic alternative. Bacteriocins
are ribosomallyproduced antibacterial peptides produced by bacteria which themselves
are immune to the Kkilling peptide due to specific immunity mechanisms. To date,
bacteriocins have been mainly used in the food industry as food safety and preservative
agents (Silva et al., 2018). Bacteriocins have shown promising results as antimicrobials
in animal studies. For example, mouse model studies have reported the slusessfu
pyocin to treaP. aeruginosdung infections with high efficacy and without any adverse
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effects (McCaughey et al., 201@errikin & Terry, 1972). Another study in mice reported
that administration of nisin and pedioginoducingL. lactisandP. acidilactici strains
helped reduce intestinaancomycinresistant enterococciolonisation(Millette et al.,

2008. Bacteriocins have been successfully used to treat and prevent bovine mastitis with
a comparable efficacy to antibiotidsi{ching et al.,2019 Cao efal., 2007; Crispie et al.,
2004). Furthermore, nisin has proven to be effective in treating mastitis caused by
Staphylococcum eight lactating females (Ferndndez et al., 2008).

Another effective way of addressing the problem of antibiosestance is with the use

of monoclonal antibodies as alternatives or in conjunction with antibiotics. Monoclonal
antibodies bypass the complications of toxicity, resistance development and early
clearance by the immune system which is seen in the casdilmbacs. The use of
monoclonal antibodies for treating bacterial infections is emerging in the past few years,
before which monoclonal antibodies were mostly used for treating cancer, autoimmune
diseases or viral infections (Zurawski and McLendon, 2080ecent study in rabbits
demonstrated the success of use of monoclonal antibody obiltoxaximab against anthrax
protective antigen. The authors reported that use of obiltoxaximab improved survival of
rabbits that received a lethal doséofinthracisspaes (Henning et al., 2018). In a recent
clinical trial of 2655 participants, authors reported that use of bezlotoxumab (monoclonal
antibody againsC. diffidle toxin) for treatingC. difficile infection resulted in lower
recurrence of infection (Wilcox et al., 2017). In another recent study, Watson et al. (2021)
generated a monoclonal antibody from B cells of a patient to be used against
Mycobacterium tuberculosigsfection in mice. Monoclonahntibodies are costlier than
producing antibiotics but have many benefits and more studies in this direction will help

can help transform medicine.

One of the major advantages of bacteriocins, phages and their endolysins, and monoclonal
antibodies is thathey can be highly targspecific thus rendering minimal if any,
collateral damage to the microbiota.

2.10 Conclusion

This review has summasd the importance of the gut microbiota in host metabolism and
immune functions such as immunity developmealpnsationresistance, cell signalling,
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and with the help of advanced omics technologies, the complex interactions between host
and microbiota are now becoming clear. Antibiotics disrupt the microbial balance and
hence the networking within the bacterial coomty, and that with the host. The
resulting AMR bacteria makes clinical treatment difficult. Due to this complex link
between the host and microbiota, the current usage of antibiotics requires careful
stewardship, with an emphasis on the application tilbiatic alternatives, while limiting
collateral damage. To this end, we need to design, develop and translate new antibiotic
alternatives from bench to bedside, in addition to methodologies that are efficient in
conserving and restoring the mibral comnunity after antibiotieassociated

perturbations.
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3  Microbiota and resistome analysis of colostrum and milk

from dairy cows

3.1 Abstract

Most studies in dairy cows are focused on inspecting the microbial compasitioik

with respect to mastitis or dairy prodstielflife. This studyinvestigatd thelongitudinal
impact ofdry cow therapy@CT) in healthy cows with and without antibiosi on the
microbial composition antesistome profilen colostrum and milk for up teix months

after DCT treatmentUsing whole genome shotgun sequencing, we investigated the
microbiome infirst milk samples at lactation (colostrum) (M@month 0) and milk
samples at months 2 (M2), 4 (M4) and 6 (M&nthsfrom dairy cows (n=24)actating
dairy cows were prophylactiltg administered antibiotics six to eighteeks before
starting lactationz+called DCT. Cows negative for mastitis from five Irish farms were
selected and divided into three groups based on antibiotic treatment during DCT: No
antibiotic (noab), Cephaguar®C (cef - Cefquinome) and Ubro & Dry Cow
Intramammary Suspensigubro - Framycetin Sulfate, Penethamate Hydriodide and

99



Procaine Penicillin) treatmenihe microbial diversity omilk from antibiotictreated
groups was differerdnd higher than noab group. Thigference vas more evident in
milk samples compared to colostrumith increasing diversity seen over tiroaly in
antibiotictreated groupgAlpha diversity) Themicrobiome ofantibiotictreated groups
clustered separately from tinenantibiotic groupat M2-, M4- and M6 milk samples,
showing the effect of antibiotiteatment on betweegroup (beta)diversity. The phyla
Actinobacteria, Proteobacteria and Firmicutes and genAinoallotecihus
Rhodococcusand Corynebacteriunwere observed in higrelative abundance imilk
from all three groupsNoab group did not show higielative abundance of mastitis
causing pdtogens likeEscherichiaand Staphylooccusin milk during early lactation,
while Corynebacteriunwhose role depends on the species present was abundant in this
group. Similarly noab gup was more associated to genera suckPs3ghrobacter,
Serratia, Gordonibacter, Brevibacteriumand Sphingobacterium High relative
abundance of ARGs was observedtlire milk of antibiotictreated groupsith the
cephaguard group showirsignificantly high abundance of genes conferring resistance
to cephalosporin, aminoglycoside and penam clasdss.milk microbiome ofnon
antibiotictreated cows during DCT hatifferent microbial composition fromntibiotic
treated groupsit all time points after colostrum over the first six months of lactation
pointingtowards a potential lonasting effect of antibiotics used duritige drying off
period These datalid not show high abundance of mastdaising pathogersuch as
Esctlerichia, Staphylococcusn the neantibiotic group, with different microbial
composition and more abundant ARG profile of the antibitbéated groups compared
to noantibiotic group The data support the use rainantibiotic alternativesor DCT
and enourage the new European legislation discouraging the use of blanket DCT.

Keywords: cow milk microbiota, resistome, shotgun metagenomics, longitudinal

3.2 Introduction

The first milk produced after the ndactating periodcolostrum is highly nutrientrich,
provides the calf with both nutritional and immune benefits, and shapes the calf gut
microbiota (Song et al., 2019). It helps in the education, maturation and development of
the immune, organ system and intestinal function (Lopez and Heinrichs et al,, 2022
Hammon et al., 2020). This is crucial for the calf as it is bgamanaglobulinemiand

depends on the colostrum for passive immunity and gut microbiota development (Song
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et al., 2019). Colostrum and stable gut microbiota colonisation are importaniyififea

for ruminant development from the monogastric stage at birth, and impact the overall
health of the animal (Amin and Seifert et al., 2021). The mother to neonate microbial
transfer is now widely studied both in humans and animals (Zhu et al.,\2@2d; et al.,
2020).Similarly, due to the importance of animal health and its relation to dairy products,
research is now focused on bovine colostrum and milk microbiota composition and its
association with disease (Oikonomou et al., 2020; Porcellato, 2020; Ganda et al.,
2016; Quigley et al., 2013). Most of the milk microbiota studies in bovines have focused
on the variation in milk microbial composition along with its treatment foptbhduction

of dairy products (Fasse et al., 2021). Reportsiave emerging that focus on the health

status of the cow and milk microbial composition (Pang e@all8]Oikonomou et al.

2012|2014.

In cows, lefore the milking begins there is a period called the dry pésixdto eight

weeks long)which allows the teats to diyp. This can be done either by allowing the

drying o occur naturally, using teat sealants or by using medications and antibiotics to
ersure the teats are free of any infection, called dry cow therapy (DCT). The objectives

of DCT are to eliminate infections presenting from previous lactation and to aweid ne
udder infections during the dry periadvhen mammary glands are highly susceptible to

new infections|Berryl& Hillerton 2002). The use of DCT can be either selecor for

WKH HQWLUH KHUG ,Q WKH VHFRQG DSSURDFK FDOO}

treated with antibiotics for preventive measures. It helps to achieve the goal of attaining

high quantities of good quality milk (Crispie et al., 20@&rry| & Hillerton 2002)

however, prophylactic treatment of animals with antibiotics is increasingly being frowned

upon due to problems associated with antibioticstasce development

Many dairy advisors recommend that all quartersoef udderbe treated with antibiotics
approved for use in the drying period. The use of antimicrobials for DCT is common
globally (More et al., 2017; Sneeringer et al., 2030 et al, 2013;Dufour et al., 2012

USDA 2008) although a declining trend is now observed in many European countries
(ESVAC, 2020). Some countries use selective therapy as opposed to the blanket approach
with changing guidelines (Huey et al., 203therpenzeadt d., 2016. Many antibiotics

used in livestock are medically relevant and based on the sanmienbial compound

used in human medicine. Commonly used antibiotics include penicillin alone or in

101



combination with aminoglycosides and cephalosporinsgadgtlines, fluoroquinolones,
macrolides, and sudhamides (ESVAC, 202EFSA Panel on Biological HazardRjcci
et al., 2017). Indiscriminate use of antibiotics can cause loss of effectiveness in treating

further infections in dairgowsas well as human®hillips et al., 2003).

Milk from cows treated with prophylactic antibiotiassually contains significant
antibiotic residues (Sachi et al., 2019; Kurjogi et al., 2019; Layada et al., 201a)lIGub
(minimum inhibitory concentration) levels of antibigi canform resistant bacteria,
which can be more problematic than thestected at higher doses (Andersson and
Hughes, 2012; Davies and Davies, 2003)lostrum is suggested as a potential source of
ARGs for calf gut microbiota in the absence of antibiase in calvegLiu et al., 2019
Thames et al2012) Further, reports suggetste presence of antibiotic resistance genes
(ARGs) and significantly altered microbial and functional profitecalf gut when fed
with milk containing antibiotic residue&i( et al., 2019Pereira et al., 2018laynouet

al., 2016, 201;7Van Vleck Pereira et al., 201®hames %al., 2012) Antibiotic resistance

in dairy milk is also an area of interest because of human consumption of raw milk or

other dairy products made from contaminated raw milk and issues of environmental
pollution with ARGsmaking it a OneHealth issugDi Roc et al., 2021; Zaheer et al.,
2019; Astorga et al., 20184ungaiet al., 2015; Oikonomou et al., 20 met al.,
2009[Thames dal., 2012; Kyselkoal., 2015).

Moreover the presencef ARGs is not limited to pathogenic bacteria but may also occur
in commensals. Most)ythe antibiotic resistance of pathogens in bovine milk is studied

due to its role in mastitifBpireayet al., 2018; Saini et al., 201Ralmus etal., 2011;

Erskinget al., 2002), but not many studies have been conducted to study the resistance

pattern of theverall milk microbiotaAlso, most studies focus on the resistance patterns
of pathogens at one time point, thosmporal effects of antibiotics on tmesistance
pattern in colostrum and milk are yetle investigated. We hypothesisthat antibiotic

use in the Cephaguard (cef) and Ubro red (ubro) gdowipg DCTwill result in varying
abundance and composition of microbiota and resistgenes as npared to the nen
antibiotic group (noab)lhus,in this studyshotgun metagenonssequencingvas used

to investigate the longitudinal microbial composition and resistome profiles of colostrum
and milk samplesbtained fromhealthy cowshroughout lactabn, that were previously

treated with and without antibioti¢sephaguard and Ubro rediiring DCT.
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3.3 Methods
3.3.1 Enrolment criteria and treatment for cows

Colostrum and subsequent milk sampghkdgen throughout lactaticst M2, M4 and M6

were collected from healthy cows (negative for mastitis with no visible infections) from
five differentlirish farms between February and September 2i20etailed belowAll

cows were housed in different herds in farms located in Coumtly, Geland (Detailed
metadataTable $8.1). Cows were divided into three different groups based ob@ie
treatment provided on the five farms. Cows on all farms were treated with a teat-sealant
Boviseal in addition to antibiotics as describddringthe dryingoff period Noab did

not use any antibiotics during the dryioff period (natural drying off using teat sealant)
and was assigned as the control grdudipro-red groupwas treated with Ubro Red Dry
Cow Intramammary Suspension at drying off; ofiieh the active ingredients are
Framycetin Sulfate, Penethamate Hydriodide and Procaine Peni€#ingroupwas
treated with Cephaguard DC 150 mg intramammary ointment at drying off; of which the
active ingredient is Cefquinome (a foudbneration ceptasporin). Twenty-four cows
divided into three groups were included in the study (noab:n=9, cef:n=8, ubro:n=7), with
four samples collected longitudinally from each cibmoughout the first six months of
lactation Cows showing signs of mastitis or anyatimfections were excluded from the
study andnilk samples were collected only from healthy cows. Cows were not subjected

to antibiotic treatment during the time interval of sample collection.

3.3.2 Sample and data collection

Serial milk samplesrom twenty-four cows in the study were collected by personnel on
the farmghrough the first six months of lactatidmstructions to farmers were provided

for sterile sample collection. Briefly, teats were disinfected by dipping in iodine tincture
followed bytapping and wiping them dry. The teat ends were then cleaned with alcohol
wipes and approximately 15 ml of colostrum and milk were collected into sterile 15 ml
falcon tubes without preservatives. The samples were immediately fro28i@ton the

farms lefore being transported to the laboratampere they were stored &80°C until

further use. Metadata regarding the parity of cows, any previous infections, the treatment

used for DCT and any other medications were collected from the (@abke S3.1)
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3.3.3 DNA extraction

Milk samples were thawed by placing them at 4°C the night prior to DNA eixinact

The samples were homogesulsby inverting the tubesndcentrfuged at 4000 g for 30

min at £C. The fatty/cream layer that accumulated at the top was destaring sterile

cotton swabsandthe supernatant was discarded. DNA was extracted from the pellet
DFFRUGLQJ WR WKH PDQXIDFWXUHUTV LQVWUXFWLRQ
Isolation Kit (MoBIO Laboratories Inc., Carlsbad, CA) with modifications dle\ics:
%ULHIO\ WKH FHOO SHOOHWV ZHUH ZDVKHG ZLWK 3¢
Aldrich) andcentrifuged at 13,000 x g for omain at 20°C to discard the supernatants.

This process was repeated until the supernatant was no longer cloudy. Tthegssiteen
re-susp@ded in PBS and treated with |80of 50 mg/ml lysozyme (Siga Aldrich,
Lysozyme activity>=40,000 units/mg protein) and #0f 5 KU/mI mutanolysin (Sigma

Aldrich) followed by 15 min incubation at 55°C with bump vortexing at intervals o

min. Further, samples were treated with Proteinase k (Qiagen, UK, 28 ul of 20 mg/ml,
>600 mAU/ml) incubated at 55°C for 15 min and then treated according to the
PDOQXIDFWXUHUYVY LQVWUXFWLRQV XVLQJ WKH 3RZHU)R
Theextracted DNA was stored €80°C until further use.

3.3.4 Amplification of DNA, library preparation and shotgun metagenomics
sequencing
The quantification of DNA was performed using the Qubit dosblanded DNA
(dsDNA) high sensitivity assay kit (Invitroger§ome samples had less than 0.2 ng/ul of
DNA, thus a modified lownput Nextera XP protocol was used for shotgequencing
library preparation as described previously (Rinke et al., 2016). Briefly, 5ul of DNA was
used for the tagmentation run along wibul of Tagment DNA (TD) buffer and 5pl of
1:10 diluted Amplicon Tagment Mix (ATM), making the total reaction volume 20ul. The
samples were incubated at 55°C for 5 min on the thermal cycler for tagmentation reaction,
with the immediateaddition of 5ul of NI' (Neutrali® Tagment buffer to stop the
tagmentation. Subsequent amplification was performed using 20 amplification cycles to
ensure high quantities of amplified product for downstream reactions. 1.6x ratio of
Ampure XP beads asused to purify the librées and the purified product was eluted in
20ul of resuspension buffer. The quality of purified DNA was determined using the High
Sensitivity DNA kit on the Agilent Bioanalyzer. The amplified DNA was quantified using
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Qubit and the samples were then pdodéed outsourced for sequencing to the Teagasc

Next Generation DNA Sequencing Facility (Teagasc, Ireland).

3.3.5 Bioinformatics and statistical analysis

Raw metagenomics shotgun reads receivedsexgiencing wre qualitychecked using
FastQC (0.11.8) anMultiQC (v1.9). The reads were thdiftered and trimmed using
Trim galore (v0.6.1) and Bowtie2 (v 2.4.4) using tliBos aurus reference genome
database from NCBI (Genome assembly ARSD1.3) to remove any host contarant
reads. Reads obtained pbstst emoval step were considered microbial and were used
for further analysis. The filtered and trimmed reads were then used for taxonomic
assignment with Kraken2 (v2.1.1) and kraeom

https://qithubcom/smdabdoub/krakelniom]}. Further, antibiotic resistance analysis was
performed using RGIResistance Gene Identifie(RGIl-bwt) (v3.1.4) and CARD
(Comprehensive Antibiotic Resistance Datab#@s&Arthur et al., 2013). The phyloseq

object(McMurdie and Hbimes, 2013) formed fromrdken2 output was normadid and
filtered to keep reads with abundance greater thad Beads per taxa, and those
belonging to viruses, Euryarchaeota and Archaea and not classified at phylum level were
removed. Initially, 5194 tea were obtained which were filtered down to 235 taxa.
Stringent filtering parameters were applied to make sure that no taxa arising as
contaminants/singletons remain in downstream analysis. Further, decontam package
(v1.14.0) in R was used to look for ¢aminants in samples and remove thélsing the

default parameters, no PCR blank reads were observed in any of the studysahgple
negative control sample (with less than 500 reads) was thus excluded from further
analysis and the phyloseq object with study samples was used for further analysis.
Downstream analysis was performed in R (v4.0.2) using packages phyloseq (v1.38.0),
microbiome (v1.16.0) and ggplot2 (v3.3.2). Statistical analysis was also performed in R
using Wilcoxon tesand Dunn testwith the function stat_compare_meanrsd stat_pwc

from package ggpubr (vO@).and Permanova using pairwigionis (v0.4)package
3.4 Results

3.4.1 Microbiota diversity is influenced by antibiotic treatment

Shotgun sequencing of tihaw bovinecolostrum and milk samples yielded 494,107,934

reads. Post trimming and host removal, the number of microbial reads remaining were
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108,774,030 with an average of 1,121,382 reads (median = 310,854, min = 40,371, max
= 6,941,451). Shannon and Chaol divgrsitdices were used to calculate the alpha
diversity of the microbiota within the groups. Shannon diveisidgx provides details

about richness and evenness wihihe Chaolindex estimates tal richness only.
Wilcoxon testwas performed to test if theifference between any two groups or time
points was significant. It was observed that both Shannon and Giveodity indicesdlid

not vary between time points within the-antibiotic group (Figur&.1A, Figure S.1A).
However, significant differences weobserved for both Shannon and Chaol diversity
indices between MO (colostrum) and M2 (2 month mi(kpr Ubro: Shannon -p
value=0.026, Chaol -palue=0.011, For Cef: Shanngmvalue=0.00016, Chaol-p
value=0.003; Wilcoxon test), MO and M4 (4 month milk)For Ubro: Shannon
value=0.00058, Chaol-yalue=0.0021, For CefShannon pralue=0.00031, Chaol-p
value=0.0061; Wicoxon test), MO and M6 (6 month milkFor Ubro: Shannon-p
value=0.00058, Chaol-yalue=0.002, For Cef: Shanngavalue=0.00016, Chaol-p
value=0.0044; Wicoxon test) in both cephaguard (cef) and ubro red (ubro) treated groups
(Figure3.1A, Figure $.1A). Additionally,asignificant difference betweanilk obtaired

at M2 and M6 vas observed for the Chaol index in the Ubro group (Figl84A.
Corcerning individual time points, no significant differences were observed between the
Shannon and Chaol indices of the three groups at MO, while cef and noab groups showed
differences at M2 (2 month milk); ubro and noab at M4 (4 month milk) and both
antibiaics groups to noab at M6 (6 month milk) (Figu8dB, Figure S.1B). Beta
diversity of milk microbiota was calculated using Br&urtis distance dissimilarity
matrix and observed using PCoA (Fig&2C, 3.1D). Beta diversityf milk microbiota
betweenthe noab and antibiotic grougsbro and cef) demonstrated distinct clustering
overall and at all timgoints after MO (colostrum) (Figui®1C, 3.1D). Apart fromMO,

at each time point, noab to cef and noablico groups demonstrated dista grouping

with significant pvalues obtaiad with pairwiseAdonis test @dj. values at M2, noab vs

cef 0.0030, noab vs ubro 0.0045; at M4, noab vs cef 0.0015, noab vs ubro 0.0015; at M6,
noab vs cef 0.0015, noab vs ubro 0.0015, Wilcoxon test). Furthermore, difcsttamng

of samples was observed based on time points, with samples at MO clustering separately

from all later time points (Figurg.1D).
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Figure3.1: A. Alpha diversityof milk microbiotausing Shannon index between all time
points for each group. Thaot shows significant differences in diversity betweeitk
obtained aMO0 and M2, M4, M6 for both the antibioticeated groupéubro and cef)B.
Alpha diversity using Shannon index between the three growad (ubro andef) at all
time-points. Plot shows no significant difference between groups at MO, while
significance between antibiotic and-antibiotic group was seen at later time points. C.
PCoA plot usingBray-Curtis distance matrix betwedme threegroups at all timgooints;
shows distinct alstering between groups. BCoA plotusing BrayCurtis distances)

showing distinct clustering of all three groups; with antibiotic groups clustering discretely
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compared to th@o-antibiotic group and; plot b) showing separate grouping of points

betweergroups and timgoints.

3.4.2 Taxonomic composition is associated to dry cow therapy treatment

Differences in the relative abundancettod microbial compositiorof milk between the

three groups at all time points were observed using plots d phg genera levels
(Figure 3.2). Overall, the phylum Actinobacteria was observed to have high relative
abundance in both colostrum and milk samples in all groups with highest relative
abundance in the noab group which was seen to decrease over time xT lneosie
abundant phylum was Proteobacteria, followed by Firmicutes and Bacteroidetes. The
relative abundance of Bacteroidetes was very low in the antibietited groups as
compared to the noab group (FigGr2A).
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Figure3.2: A) Phylum level distribubn of taxa in all three groups across all time points.
B) Overall top 10 genera in all three groypsab, ubro and ceft all timepoints. C)
Trend plots at genera level, showing relative alamcé of top 10 genera from all three
groups(noab, ubro andef) over time with confidence interval of 950ith different Y-

axis scale for each taxa)

The top 10 generf@und in milkfrom each group over all time points were examined and
several genera identified in cow milk in previous studies were also obsetesistudy

such asAcinetobacter, Brevibacterium, Corynebacterium, Lactobacillus, Lactococcus,
Microbacterium, PseudomogsaPropionibacterium, KocuriandStaphylococcu@-igure

3.2B) (Porcellato et al., 2021; Rubiola et al., 2020; McHugh et al., 2020; Bonsaglia et al.,
2017; Zhang et al., 2015; Oikonomou et al., 2014; Gulbe & Valdovska 2014; Masoud et
al., 2012). In the ndm group, the generdctinoallotecihus, Corynebacterium,
Brachybacterium, and Microbacteriumere amongst the top 10 over all time points.
Brachybacteriumand Brevibacteriumshowed anincrease in the nrantibiotic group,
compared with the antibiotiteatedyroups. FurtheiCorynebacteriumvas found in both
antibioticadministered and noab grauwith higher initial abundance in the noab group
Actinoalloteichusvasalsopresent in all three groups in high relative abundance at early
time points and showeddeclining trendwith time of lactation(Figure 3.2C). Higher
abundanceof Acinetobacterwas observedin the antibiotieadministered groups
compared to the nantibiotic group. Additionally Rhodococcus, Ottowiaand
Lactobacilluswere observed in higherlative abundancen both the antibiotitreated
groups and demonstrated an increasing trend over diirlactation Pseudomonas,
Microbacterium, Corynebacteriunand Kocuria werealsopresent at all time points in

all three groups, witkKocuria andMicrobacteriumincreasing ovelactationtime in the
antibiotictreated groupsA closer look at the relate abundance of major mastiis
causing pathogens in dairy cows revealed lack of high relative abundance of potential
pathogens such &scherichia, &aphylococcus the norantibiotic group as MO and M2
(Figure 3.3A). Relative abundanceSireptococcusias close to zero in all three groups
(plot not shown).The relative abundance @forynebacteriunwas higher in the noab
group than theCef group at Nd, and higher than both antibiotieated groups at M2
(Figure 3.3A).

109



3.4.3 Differential microbial composition in antibiotic vs non-antibiotic groups

Relative associations of genera to each group were estiméte8ongbird (Morton et

al., 2019) using the feula: C(Group, Treatment('noab’)). The differentials obtained
(Table S3.2)vere ordered by rank and the top 10 most positive and negatingavere
plotted and visualed using R (Figur8.3B). Negative coefficient values denote stronger
associations of the feature (genera here) with the referéfjwen comparing the
antibiotictreated group with the rantibiotic groupBrevibacterium, Brachybacterium,
Serratia, Gordonibactewere more assoaied to the noab group, whildtowia, Kocuria,
RhododcoccysMicrobacterium, Pseudomonagere more associated to the antibiotic
treated group# compari®n of the differentially abundant genera between the antibiotic
treated groups (ubro and cef) did sBbbw any pattern highlightireystronger association

of any genera to a particular antibiotic group (Figure not shown).
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Figure 3.3: A. Boxplots showingabundance of potential mastitawsing pathogens in

milk of all three groups (noab, ubro and cefep¥ime of lactationSignificance was
determined using Wilcoxon test in R, and p.adj values <0.05 are considered significant.
B. Songbird differentials obtained using the formula C(Group, Treatment('noab')) were
sorted by ranks and the top 10 positive aedative features are plotted and depicted
using bar charts with noab groups as reference (Negative here is more associated to

reference grouptnoab here)

3.4.4 Impact of dry cow therapy on antibiotic resistance gene reservoir

RGI-bwt was used to predict antibiotic resistance genes in filtered and egiiiplled
shotgun sequencingeads. The results were normatisto copies per million based on
read counts using all mapped reads from the gene mapping output file -biARGhe
results were further lotransformed and the abundance of ARGs at each time point was
visuali®ed using heatmap, boxplots and pkat in R. ARGs belonging to 189 AMR gene
families conferring resistance to 43 different classes of antibmiecs found Of these
several genes conferred resistance to more than one class and genes conferring resistance
to three or more classes were termed rarliig resistancéViDR) genes (Figure 34).
Further,resistancevas alsmbserved for classes not administemethie present cycle of
DCT with a very high abundance of MDR genes (Fig4®). Both previous and current
antibiotic use may result in the selection of bacteria which carry resistance theises

increasing the overall resistome profile diversity ofrierobiota.
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Figure 3.4 A) Boxplot showing logransformed abundance of the different classes of
antibiotics to which resistance was observed in this study. B) pBar showing
representation cARGsin all threegroups(noab, ubro and ceéver all timepoints. The
classes highlighted in blue boxes correspond to the class of antibiotics administered to

the ubro group, while those in red boxes correspond to the cef group.

It wasobserved that alpha diversity of ARGs over time was not diftanmilk samples
from all groups(Shannon index)while the cef and noab grougkowed significant
differences Chaol indexpointing toward higher richness in the cef group. No significant
differences were observed between groups at all pionets orbetween timgooints in

individual groups (Figur&.5A). Beta diversity analysis showed discrete clusteahg
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milk microbiotabetween the cef and noab groups (p.adj=0.03, paidsais) (Figure
3.5B). No significant clustering was observed at any indigidime points except16
(p.adj valus: noab vs cef: 0.039, noab vs ubro: 0.015, pairwiseAdonis) (FRDG).

Figure3.5: A) Alpha diversity withShannon index shows no difference between groups
(noab, ubro and ceft any time points for ARG abundan®&).Beta diversityof ARGs
using PCoA and Bragurtis distance. C) Beta diversity of ARGs at each time point using
PCoA plot with BrayCurtis distance

Cef group showed highest ARG abundance, with both antibiet#te groups showing
higher ARG abundance compared to noab group (Figure SB@xldundance of genes

conferring resistance to the drug class cephalosporin at MO (colostrasijigher in
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aburdance in the cef grougMultiple comparisons between groups (noabup as
control) were performed for each class dugh resistancevas foundin the antibiotic

groups atall time points (Figure3.6).

Figure3.6: Heatmap showing legransformed abundan¢epm)of various ARG classes
per group at each timepoint. Significance was calculated with noab group as eferenc
group against each antibioticeated goups using Dunn test for multiple comparisons.

P.adj valuebelow Q05 were considered significant
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3.5 Discussion

In this study, we compared the microbial and resistome profileslo§trum and milk

from healthy cowshroughout lactatiorseparated into three groupsated with differing

dry cow therapiesttwo antibiotictreated groups and one nantibiotic treated group

using shotgun metagenomicStudying the bovine milk microbiome is considered
challenging as it is a low biomass sample, difficult to collect without contamination, along
with the possibility of kit contaminants, with interdividual variaton of microbiota
(Porcellato et al., 2020), different farming practices (Metzger et al., 2018) and lack of
studies to develop a standardised protocol. Shotgun metagenomics is rarely used to study

the resistance pattern of the microbiota in dairy colostammd milk, however, this

approach provides high resolution and allows functional profjiogé€let al., 2017)The

antibiotics used were cepheaayd and Ubro red and are bresmkctrum antibiotics. Thei
target species include major mastitausing organisms such &ireptococcusspp.

(uberis, dysgalactiae, agalactipe Staphylococcus aureus coagulasenegative
staphylococci for cephaguard, while ubro red tar§éaphylococcuspp.,Streptococcus

spp.,Corynebacteriunspp.,Escherichiaspp.,KlebsiellaandPseudomonaspp.

This study demonstratedignificant differences in thediversity of microbial genera
within the antibiotietreatedgroups over the time points (Shannon alpha diversityjar

to Derakhshani et a(2018) However the transition from colostrum to milk in themo
antibiotic group did not demonstrate significant changes in micrdiviatsity over time
This suggests that low initial microbial diversity in the antibigtioups cold be due to
antibiotic useFurther,diversity between groups was significantly different at M2, M4
and M6 (beta diversity PCoA), with noab group clustering distinctly cpared to
antibiotictreated groupsAdditionally, we do not report high prevalenoé mastitis
causing pathogersuch asEscherichiaspp, Streptococcuspp, Staphylococcuspp.in
the group, especially in the noab graupimilar to other studies, (Biscarini et al., 2020;
Derakhshani et al., 201Bpnsaglia et al., 2017; Parker et 2008) ourdatasupport the
use of only teat sealants for drying céflucing antibiotic use.

Acinetobactemwas high in antibiotidreated groups whil€orynebacteriunwas higler
in the neantibiotic group.The presence dforynebacteriumn the top 10 throughout
lactationin the noab group is not unusual as it is thought to be controlled by various anti

sepsis measures (Jeffrey L. Watts 1990, S.C. Nickerson 2002
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https://www.sciencedirect.com/topics/agricultuaald-biological
sciences/arynebacteriurbovis).lts high pevalence couldlsobe as it is observed to be

a dominant bactarm on teat skin (Frétin et al., 2018pome studies suggest an
association betwee@orynebacteriunand intramammary infectiorsuggesting its role

as a mastis-causing pathogen though mainly this association is Gittynebacterium

bovis while most other species are reported to be present in environmental niches
(Woudstra et al., 2023).ters suggest that the high abundandeminebacteriunmay

provide protective effects against infections caused by major mammary gland pathogens
such asStaphylococcuand Streptococcugliicken et al., 2021; Watts et al., 2000»

confirm the role of high relative abundance&airynebacteriunmn the noab grop, further

studies includinga mix of culture and sequenchbgsed methods are needed.
Actinoalloteichusvas observed to have high relative abundance in all groups in the study.
Actinoalloteichusvasfoundin milk aliquots in a recent study (Rubiola et &020), but

not many other studies have reported its presehctnoalloteichusis reported to be
isolated from marine sponges (Zhang et al., 2006), seashores (Xie et al., 2020) and soil
(Boudjelal et al., 2015) and is considered to be a source ofdsrgyometabolites due to

the presence of several secondary metabolite biosynthetic gene clusters (Schaffert et al.,
2016). The high abundance of this genus in all three groups is surprising, and further

studies are needed on Irish farms to study its origins

Microbial diversity in milk from cows is affected by several factors. For instance,
Porcellato et al(2021) demonstrated changes in microbial diversity longitudinally. The
authors observed an increased abundan8é&reptococcuandKocuriaover the smmer
months. The antibiotireated groups in our study show an increasing trembofiria

over lactation time, and these time points overlap with sumitivee in the given
geographical area. Similarly, parity of the cow (Lima et al., 2017) and seasoisaido
(indoor or outdoor sampling and housing) (Doyle et al., 2017) can impact the milk
microbial composition. Stage of lactation, milking hygiene, bedding material, and feeding
habits affect cow milk microbial composition and diversity (Derakhshani ,eP@1l8;
Frétin et al., 2018; Metzger et al., 2018; Zhang et al., 2015). For instance, Doyle et al.
(2017) observed th#cinetobacteandPseudomonawere in lower proportions in milk
from indoorhoused animals as compared to outdoor milk samplescrease in these

genera oveM2 andM4 was observed in this studyhich could be attributed to the fact
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that once the cows calve and are put on grass they are outdoors full time (later time points
+M4, M6 in our study orrespond to outdoor samplesjowever, Acinetobacterand
Pseudomonasare also psychrotrophic and observed in stored bulk milk samples
(McHugh et al., 2020) and are common dairy environment contaminants, thus further
studies are needed to investigate their origin in raw quarter milk lssdmother
possible explanation as described by Oikonomou et al. (2828at the milk microbiota

was not alive and DNA from dead bacteria was thus not affected by treatments.

Changes in ARG diversity over time were not observed in any group isttioig. Some

ARGs present in the noab group, while other ARGs not belonging to classes of antibiotics
used could belue to previous antibiotic exposures, or environmental sources such as
contaminated manure and watgand horizontal gene transfer withiretherd Antibiotic

use must be reduced overall on farms as this can lead to an incrédaseumbers and
spread of ARGs. Furtheahigh abundance #&ARGsin the antibiotictreatedgroupswas
observed Certain genes conferring resistance to classedékalactams, penams and
cephalosporin and MDR genes were obserVée. presence dARGs (those that confer
resistance to the antibiotic in question) in the antibiBatedgroups can be justified

due to the use of antibiotics, while many other resistance genes conferring resistance to
drug classes like tetracycline, intercalating dye and disinfecting ageitissan,
glycopeptide antibiotic could be due to contaminatirsgtéria from environmental
sources such as irrigation (Blaustein et al., 2016) and groundwater (Li et al., 2014; Pan &
Chu 2017), slurry waste (Baker et al., 2022), manure, and interaction with other animals
in the herd (Pitta et al., 2028awant et al2007). These ARGs detected could also be a
result of selection of MDR lageria postantibiotic use. Certain resistance could be due to
previous antibiotic use and might be horizontally transferred between bacteria over time.
The antibiotics used by farms this study were Ubro red (active ingredient Framycetin
sulfate, Penethamate hydroiodide and Procaine Penicillin) and Cephaguard (cefquinome
+ 4" generation gghalosporin). The European Medicine Agency (EMA) classifies

cefquinome as a category(Estricted use) antibiotic, while Framycetin is to be used with

caution https://www.gov.ie/en/collection/45f4&ntimicrobiatresistance

amr/?referrer:http://www.aqriculture.qov.ie/a]inFths, this study lends further support

to legislation that recommends reducing the use of antimicrahialairy cows as well
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as their cautionary use in other farm practices, to eethe deviopment and spread of

antibioticresistant bacteria.

The method used for DCT can impact the microbial composition and resistome profile
and studies have reported a relationship between milk productioegrevious lactation

and the development of infémh in the next lactation period. Pinedo et al. (2011, 2012)
observed that compared to high mgkoducing cows, lower milk production in the
previous lactation poses a higher risk of mastitis after calving (Pinedo et al., 2011, 2012).
Dias and Allaire (182) reported that age, calving intervals and prior milk yield data can
be used to maximise milk yield in the next lactation, with younger cows and high milk
producing cows needing a longer dry period. Further, studies have reported that the length
of DCT reeds to be critically assessed as it can affect the occurrence of new infections
(Berry and Hillerton 2007; Natzke et al., 1975). Such observations can be used for
selective DCT enabling the development of strategies for prudent use of antibiotics
(Cameroret al., 2015; Scherpenzeel et al., 2014). Use of bovisaalinert teat sealant

Is an alternative to antibiotic use (Crispie et al., 2004; Bonsaglia et al., 2017) containing
bismuth subnitrate, colloidal anhydrous silica as the main ingredients. At taey
revealed that for reasons yet unknown bismuth subnitrate has an inhibitory effect on
bacterial growth and further studies are needed to completely understand the inhibitory
effect of bismuth subnitrate, as bismuth is a heavy metal compound aaitt ediects

might be due to the antimicrobial nature of some heavy metals (Notcovich et al., 2020).
Another alternative to antibiotics is the process of teat dipping using a disinfectant; thus
protecting from new infections during the dry period. Soméie$é¢ approaches can be
used in combination with good hygienic practices, clean bedding areas and field
conditions to protect cows from new infections. Nutritional management and

development of new vaccines and probiotics will also enable farmers to ke he

healthy and boost their immunii?€llegrino et al., 2037 These techniques along with

maximising the awareness of farmers will help in reducing the useibiadios and will

support the one health initiative.

The healthcare costs of treating patients with AMR cost the Health Service Executive an
DGGLWLRQDO Y Ritp©/OvivR. Iidgali€)sites/default/files/2087 /Repori

of-EconomieBurdenof-AMR.pdf) with morefunds being allocated by the government

to tackle AMR issues the health service. Prophylactic use of antibiotics on dairy farms

118



is an important contributor to AMR spread in the environment. Thus, along with EU
legislation to cease blanket DCT, other national laws to reduce antibiotic use in other
livestock and diay activities might help lower the development and spread of ARGs. This
is of importance as AMR development on dairy farms Gna-health problem, with

possibilities of ARG transfer to humans through the food chain.

The limitations of this study includée relatively smalhumber of animals includgeer
group, although we would emphasithat these animals were all followed longitudinally
for six months of lactatiorlWe suggest that this study demonstrates the value of doing
temporal microbial and res@he studies on bovine colostrum and milk microbiota to
examine the effect of DCT and antibiotic ubtoare studies with larger cohort sizes and
shorter betweesample intervals are needed to understand the longitudinal effect of
antibiotics on bovine cologtm and milk samples. This will hefpduce antibiotic usie

livestock and decrease theneration and transfer of ARGs

3.6 Conclusion

Antibiotic treatment during DCT was associated wijhhabundanceof ARGs in milk
compared to nofantibiotic controlgroup andalteredmicrobial compositiorthroughout
lactation Using teat sealant without antibiotided not lead tothe presence of high
abundance of matis-causing pathogen&urthermore, the microbial diversity (Alpha
diversity) in antibiotietreatedgroups increased over time, which was not observed in the
nonantibiotic group and suggests the possible microtsafaressing effect of antibiotic

use during DCT on bovine colostrum and milke presence of ARGa high abundance

in cow colostrum and itk is alarming because of the threat of passage of ARGs to the
calf andto humans through the food chaihis challenging to trace the source of bacteria

and thus the resistance genes in question, thus preventive and protective laws to reduce

the use ofntibiotics on farms and associated resources is crucial.
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3.11 Supplementary material

Supplementary figures:

Figure S.1:

Supplementary figure &L: Alpha diversity as calculated by Chaol index A) Between
groups and B) Between time points.

Figure S3.2:
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Figure S3.2: Boxplot showing overall ARG abundance in all three groups. P.adj values
were calculated using Dunn test in R, and p.adj values below 0.05 were considered

significant.

Supplementary tables:

Table 8.1: Metadata file showing details of all cows inadddn this study.

SamplelD| Group | Age Timepoint| Parity | Parous
D16T1 cef 4 T1 2 Multiparous
L10C ubro 5 TO 3 Multiparous
T8T3 ubro 5 T3 3 Multiparous
P10T2 | cef 3 T2 1 Primiparous
T17T3 ubro 3 T3 1 Primiparous
T17C ubro 3 TO 1 Primiparous
C16T1 | noab 2 T1 0 Nulliparous
C1eC noab |2 TO 0 Nulliparous
D13C cef 3 TO 1 Primiparous
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Cl12T1 |noab |3 T1 1 Primiparous
D16T3 | cef 4 T3 2 Multiparous
C19C noab |2 TO 0 Nulliparous

L6T1 ubro 3 T1 1 Primiparous
P10C cef 3 TO 1 Primiparous
L11C ubro 5 TO 3 Multiparous
L5C ubro 3 TO 1 Primiparous
Cl12T3 |noab |3 T3 1 Primiparous
C16T3 |noab |2 T3 0 Nulliparous

CiT2 noab |3 T2 1 Primiparous
L6T2 ubro 3 T2 1 Primiparous
C16T2 |noab |2 T2 0 Nulliparous

C3T1 noab |3 T1 1 Primiparous
POT1 cef 3 T1 1 Primiparous
L10T1 ubro 5 T1 3 Multiparous
L6T3 ubro 3 T3 1 Primiparous
C5T1 noab |2 T1 0 Nulliparous

C5T3 noab |2 T3 0 Nulliparous

POC cef 3 TO 1 Primiparous
D17T3 | cef 4 T3 2 Multiparous
P10T3 | cef 3 T3 1 Primiparous
C4T13 noab |2 T3 0 Nulliparous

L13T2 ubro 3 T2 1 Primiparous
P20T1 | cef 3 T1 1 Primiparous
L5T1 ubro 3 T1 1 Primiparous
D17C cef 4 TO 2 Multiparous
L11T1 ubro 5 T1 3 Multiparous
C2T1 noab 2 T1 0 Nulliparous

ci2C noab 3 TO 1 Primiparous
C7T3 noab |3 T3 1 Primiparous
L11T3 ubro 5 T3 3 Multiparous
T8T1 ubro 5 T1 3 Multiparous
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D16T2 | cef 4 T2 2 Multiparous
L11T2 ubro 5 T2 3 Multiparous
D17T1 | cef 4 T1 2 Multiparous
D9C cef 3 TO 1 Primiparous
P20C cef 3 TO 1 Primiparous
P10T1 | cef 3 T1 1 Primiparous
C19T1 |noab |2 T1 0 Nulliparous

C3C noab |3 TO 1 Primiparous
C1T3 noab |3 T3 1 Primiparous
L13T1 ubro 3 T1 1 Primiparous
C7T1 noab |3 T1 1 Primiparous
C5T2 noab |2 T2 0 Nulliparous

caC noab |2 TO 0 Nulliparous

CiT1 noab 3 T1 1 Primiparous
T17T2 ubro 3 T2 1 Primiparous
L13C ubro 3 TO 1 Primiparous
D17T2 | cef 4 T2 2 Multiparous
L6C ubro 3 TO 1 Primiparous
L10T3 ubro 5 T3 3 Multiparous
D13T3 | cef 3 T3 1 Primiparous
D13T1 | cef 3 T1 1 Primiparous
C3T2 noab |3 T2 1 Primiparous
C19T2 |noab |2 T2 0 Nulliparous

P19C cef 3 TO 1 Primiparous
P19T3 | cef 3 T3 1 Primiparous
Cci1C noab |3 TO 1 Primiparous
L13T3 ubro 3 T3 1 Primiparous
POT3 cef 3 T3 1 Primiparous
L10T2 ubro 5 T2 3 Multiparous
POT2 cef 3 T2 1 Primiparous
C7T2 noab 3 T2 1 Primiparous
D16C cef 4 TO 2 Multiparous
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C4aT1 noab |2 T1 0 Nulliparous
T8C ubro 5 TO 3 Multiparous
P20T2 | cef 3 T2 1 Primiparous
c4ac noab |2 TO 0 Nulliparous
P19T1 | cef 3 T1 1 Primiparous
c7C noab |3 TO 1 Primiparous
D9T2 cef 3 T2 1 Primiparous
T8T2 ubro 5 T2 3 Multiparous
C5C noab |2 TO 0 Nulliparous
L5T3 ubro 3 T3 1 Primiparous
L5T2 ubro 3 T2 1 Primiparous
C2T13 noab |2 T3 0 Nulliparous
T17T1 ubro 3 T1 1 Primiparous
P20T3 | cef 3 T3 1 Primiparous
Cl19T3 |noab |2 T3 0 Nulliparous
C12T2 |noab |3 T2 1 Primiparous
DoT1 cef 3 T1 1 Primiparous
C4AT2 noab |2 T2 0 Nulliparous
D13T2 | cef 3 T2 1 Primiparous
DIT3 cef 3 T3 1 Primiparous
C3T3 noab |3 T3 1 Primiparous
C2T12 noab |2 T2 0 Nulliparous
P19T2 | cef 3 T2 1 Primiparous

TableS3.2: Table with coefficients obtained from differential abundance analysis using

Songbird tool with formula C(Group, Treatment('noab’)).

featureid Intercept| C(Group2| C(Group2
Treatment ,
'noab"))[T.| Treatment
cef] (‘noab))[T

.ubro]
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k__Bacteria|p__ Proteobacteria|c__Gammaprg -0.48714 -0.49549 | -0.49071
bacterialo___Pseudomonadales|f__Moraxellact

g__Psychrobacter

k__Bacteria|p__ Proteobacterial|c__Gammaprg 0.10453 | 0.021822 | 0.20377
bacterialo_Pseudomonadales|f _Moraxellac¢ 9

g__Acinetobacter

k__Bacteria|p__ Proteobacteria|c__Gammaprg -0.18873 -0.06052 | -0.03973
bacterialo_Pseudomonadales|f _Moraxellact

g__ Moraxella

k__Bacteria|p__Proteobacteria|c__Gammaprg 0.82293 | 0.23601 | 0.118122
bacterialo_Pseudomonadales|f _Pseudomor 8

ceae|g_Pseudomonas

k__Bacteria|p__ Proteobacteria|c__Gammaprg -0.22715| -0.06166 | -0.05006
bacterialo__Enterobacterales|f __Enterobacter

aelg__

k__Bacteria|p__ Proteobacterial|c__Gammaprg -0.21432 -0.06126 | -0.04628
bacterialo__Enterobacterales|f __Enterobacter

ae|g_Escherichia

k__Bacteria|p__ Proteobacterial|c__Gammaprg -0.2413 | -0.06436 | -0.05548
bacterialo__Enterobacterales|f _Yersiniaceag

Serratia

k__Bacteria|p__ Proteobacterial|c__Gammaprg -0.21317| -0.06081 | -0.04642
bacterialo__Enterobacterales|f __Erwiniacgae|

Buchnera

k__Bacteria|p__ Proteobacteria|c__Gammaprg -0.21525| -0.05879 | -0.04835
bacterial|o__Enterobacterales|f _Pectobacteris

e|g__Sodalis

k__Bacteria|p__ Proteobacteria|c__Gammaprg -0.20194 -0.05346 | -0.04568

bacterialo__ Xanthomonadales|f__Xanthomon;

ceaelg__
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k__Bacteria|p__ Proteobacteria|c__Gammaprg
bacterialo__Xanthomonadales|f __Xanthomon
ceae|g_Stenotrophomonas

0.34068
4

0.166177

0.065002

k__Bacteria|p__ Proteobacteria|c__Gammaprg
bacterialo__ Xanthomonadales|f _ Xanthomon;

ceael|g_Lysobacter

0.25963
5

0.25292

-0.01833

k__Bacteria|p__ Proteobacteria|c__Gammaprg
bacterialo__Methylococcales|f _Methylococcg

ae|g_Methylovulum

-0.21223

-0.0552

-0.03209

k__Bacteria|p__ Proteobacteria|c__ Alphaprote

cterialo__Rhodobacterales|f _Rhodobacterac

9__

-0.19415

-0.06025

-0.02359

k__Bacteria|p__ Proteobacteria|c__Alphaprote
cterialo__Rhodobacterales|f __Rhodobacterac

g__Paracoccus

-0.11266

-0.05799

0.06665

k__Bacteria|p__ Proteobacteria|c__Alphaprote
cterialo___Rhodobacterales|f __Rhodobacterac

g__Rhodobacter

-0.21346

-0.06027

-0.03847

k__Bacteria|p__ Proteobacteria|c__Alphaprote

cterialo__Rhizobiales|f _|g

-0.15449

-0.02776

-0.02639

k__Bacteria|p__ Proteobacteria|c__Alphaprote
cterialo__Rhizobiales|f __Phyllobacteriaceael|g

Mesorhizobium

-0.19888

-0.04567

-0.04165

k__Bacteria|p__ Proteobacteria|c__Alphaprote
cterialo__Rhizobiales|f__Phyllobacteriaceael|g

Aminobacter

-0.20662

-0.04857

-0.04445

k__Bacteria|p__ Proteobacteria|c__Alphaprote
cterialo__Rhizobiales|f__Phyllobacteriaceael|g
Phyllobacterium

-0.21616

-0.04196

-0.05048

k__Bacteria|p__ Proteobacteria|c__ Alphaprote
cterialo__ Rhizobiales|f__BradyrhizobiaceaeRy|

hodopseudomonas

-0.2002

-0.04949

-0.04099
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k__Bacteria|p__ Proteobacteria|c__Alphaprote| -0.18801] -0.0127 | -0.05095
cterialo__ Rhizobiales|f__Brucellaceael@chro

bactrum

k__Bacteria|p__ Proteobacteria|c__Alphaprote| -0.21691| -0.05234 | -0.04544
cterialo__ Caulobacterales|f _Caulobacterace:

__Brevundimonas

k__Bacteria|p__ Proteobacteria|c__Betaproteo -0.17826| -0.03499 | -0.0341
erialo__ Burkholderiales|f __|g__
k__Bacteria|p_Proteobacteria|c__Betaproteob| -0.16555| -0.01551 | -0.03083
erialo__ Burkholderiales|f __Comamonadaceae

k__Bacteria|p__ Proteobacteria|c__Betaproteo| -0.20775| -0.04027 | -0.04723
erialo__ Burkholderiales|f __Comamonadaceae

_Comamonas

k__Bacteria|p__ Proteobacteria|c__Betaproteo| -0.1943 | -0.05054 | -0.03201
erialo__ Burkholderiales|f __Comamonadaceae

_Variovorax

k__Bacteria|p__ Proteobacteria|c__Betaproteo| -0.01807| 0.130668 | -0.03337
erialo__ Burkholderiales|f __Comamonadaceae

_Delftia

k__Bacteria|p__ Proteobacteria|c__Betaproteo 0.18739 | 0.303989 | 0.04468
erialo__Burkholderiales|f __Comamonadaceag 1

_Ottowia

k__Bacteria|p__ Proteobacteria|c__Betaproteo| -0.09802 0.096201 | -0.06153
erialo__ Burkholderiales|f __Alcaligenaceael§ |

caligenes

k__Bacteria|p__Proteobacteria|c___Betaproteo| 0.20290 | 0.07999 | 0.046725
erialo__ Burkholderiales|f __Burkholderiaceae|q 5

Polynucleobacter

k__Bacteria|p__ Proteobacteria|c__Betaproteo| -0.20971] -0.03783 | -0.05259

erialo__ Burkholderiales|f__Oxalobacteraceae]|

Janthinobactaum
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k__Bacteria|p__ Actinobacterialc__Actinobactg -0.02247| -0.01838 | 0.018418
|o__Micrococcales|f__|g___

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.13686| -0.04669 | -0.02187
|o__Micrococcales|f _Micrococcaceae|g_

k__Bacteria|p__ Actinobacterialc__Actinobactg 0.20615 | -0.02504 | 0.030991
|o__Micrococcales|f __Micrococcaceaelgrthro | 4

bacter

k__Bacteria|p__ Actinobacteria|c__Actinobactg -0.14841] -0.05916 | -0.02827
|o__Micrococcales|f __Micrococcaceae|Gluta

micibacter

k__Bacteria|p__Actinobacterialc__Actinobactg 0.72771 | 0.393234 | 0.473597
|o__Micrococcales|f __Micrococcaceael§ocur | 9

ia

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.21063 -0.06299 | -0.04428
|o__Micrococcales|f __Micrococcaceaelgothia
k__Bacteria|p__Actinobacterialc__Actinobactg -0.13219 -0.05269 | 0.026983
|o__Micrococcales|f __Micrococcaceaelglicro

coccus

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.2013 | -0.05532 | -0.03988
|o__Micrococcales|f __Micrococcaceael§inom

onas

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.16104 -0.04075 | -0.02757
|o__Micrococcales|f __Microbacteriaceaelg_
k__Bacteria|p__Actinobacterialc__Actinobactg 0.87803 | 0.503077 | 0.209511
|o__Micrococcales|f __Microbacteriaceaepic | 9

robacterium

k__Baderia|p__ Actinobacteria|c__ Actinobacte| -0.20839 -0.05587 | -0.04294
|o__Micrococcales|f __Microbacteriaceaelggr_

omyces

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.20502 -0.05873 | -0.04458

|o__Micrococcales|f __Microbacteriaceaelgla_
vibacter

140




k__Bacteria|p__ Actinobacterialc__Actinobacte -0.19225| -0.05052 | -0.03915
|o__Micrococcales|f __Microbacteriaceae|geif

sonia

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.21058 -0.05393 | -0.04648
|o__Micrococcales|f __Microbacteriaceaepic_

roterricola

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.21036| -0.05969 | -0.04549
|o__Micrococcales|f __Microbacteriaceaefgro_

ndihabitans

k__Bacteria|p__ Actinobacterialc__Actinobacte 1.10025 | -0.10812 | -0.01632
|o__Micrococcales|f _Dermabacteraceaddga | 5

chybacterium

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.1361 | -0.05692 | 0.026611
|o__Micrococcales|f __Intrasporangiaceaejgn

ibacter

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.18586 -0.05871 | -0.03145
|o__Micrococcales|f __Intrasporangiaceaelgtr

asporangium

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.18811| -0.05803 | -0.02364
|o__Micrococcales|f _Intrasporangiaceaefgeri

nicoccus

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.18527| -0.05417 | -0.02229
|o__Micrococcales|f _Intrasporangiaceaefgs

enidcoccus

k__Bacteria|p__ Actinobacterialc__Actinobacte 1.51072 | -0.26926 | -0.25562
|o__Micrococcales|f __Brevibacteriaceaefgrev | 3

ibacterium

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.2025 | -0.05754 | -0.03512

|o__Micrococcales|f _Dermacoccaceaégitei

pulveratus
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k__Bacteria|p__ Actinobacterialc__Actinobacte -0.20443 -0.05523 | -0.03523
|o__Micrococcales|f __Dermacoccaceaefytoc

occus

k__Bacteria|p__ Actinobacteria|c__Actinobactg -0.19912 -0.05235 | -0.03468
|o__Micrococcales|f _DermacoccaceaelRprm

acoccus

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.21159 -0.0552 | -0.04207
|o__Micrococcales|f _BeutenbergiaceaeRgut

enbergia

k__Bacteria|p__ Actinobacteria|c__ Actinobactg -0.19863 -0.05425 | -0.0283
|o__Micrococcales|f _Beutenbergiacea€eldini.

imonas

k__Bacteria|p__ Actinobacteria|c__Actinobactg -0.20739 -0.0561 | -0.0427
|o__Micrococcales|f __Sanguibacteraceaedgn |

guibacter

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.10821] -0.01763 | -0.00379
|o__Corynebacteriales|f__|g___
k__Bacteria|p__Actinobacterialc__Actinobacte 1.66190 | -0.00768 | 0.438415
|o__Corynebacteriales|f __Corynebacteriaceaq 5

_Corynebacterium

k__Bacteria|p__ Actinobacterialc__Actinobactg 1.49940 | 0.988738 | 0.605951
|o__Corynebacteriales|f __NocardiaceadRihod | 8

ococcus

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.11913 -0.04926 | 0.010988
|o___Corynebacteriales|f__Dietziaceae[gjetzia

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.1052 | 0.019298 | -0.01502
|o__Corynebacteriales|f __Mycobacteriaceae|g

k__Bacteria|p__ Actinobacteria|c__ Actinobactg -0.07432| 0.0247 -0.00822

|o__Corynebacteriales|f__Mycobacteriaceae|g

Mycobacterium
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k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Corynebacteriales|f___Mycobacteriaceae|g
Mycobacteroigs

0.21090
5

0.297149

0.065613

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Corynebacteriales|f __Tsukamurellacead]g

sukamurella

-0.17258

-0.01866

-0.04098

k__Bacteria|p__ Actinobacterialc__ Actinobacte
|o__Streptomycetales|f _Streptomycetacea&]g

treptomyces

0.04393

0.025371

0.039756

k__Bacteria|p__ Actinobacterialc__ Actinobacte
|o__Pseudonocardiales|f __Pseudonocardiace

_Actinoalloteichus

3.22857
3

0.130644

0.527985

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Pseudonocardiales|f _Pdenocardiaceaelg

_Pseudonocardia

-0.20553

-0.05877

-0.03884

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o___Propionibacteriales|f___Nocardioidaceaelg
Nocardioides

-0.08152

-0.03465

0.019309

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Propionibacteriales|f __Nocardioidaceaefg

eromicrobium

-0.20082

-0.05963

-0.04363

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Propionibacteriales|f __Nocardioidaceaefy

imelobacter

-0.18516

-0.05011

-0.03011

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Propionibacteriales|f __Nocardioidaceae|g
Kribbella

-0.21425

-0.05734

-0.04205

k__Bacteria|p__ Actinobacterialc__Actinobacte
|o__Propionibacteriales|f__Nocardioidaceaelg

Micropruina

-0.1825

-0.04948

-0.02635
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k__Bacteria|p__Actinobacteria|c__Actinobacte -0.17764| -0.02195 | -0.03498
|o__Propionibacteriales|f__Propionibacteriace

a__

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.05011] -0.00429 | 0.034666
|o__Propionibacteriales|f __Propionibacteriace

g__Tessaracoags

k__Bacteria|p__ Actinobacterialc__Actinobactg 0.09655 | 0.175055 | 0.057006
|o__Propionibacteriales|f__Propionibacteriace{ 9

g__Acidipropionibacterium

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.15491] -0.03241 | -0.03512
|o___Propionibacteriales|f __Propionibacteriace

g__Cutibacterium

k__Bacteria|p__Actinobacteria|c__Actinobacte -0.0024 | 0.079033| 0.044894
|o___Propionibacteriales|f__Propionibacteriace

g__Propionibacterium

k__Bacteria|p__ Actinobacterialc__Actinobactg -0.18241] -0.05756 | -0.01455
|o___Propionibacteriales|f__Propionibacteriace

g__Microlunatus

k__Bacteria|p__Actinobacterialc__Actinobactg 0.27886 | 0.040809 | 0.097554
|o__Micromonosporales|f __Micromonosporacg 7

|g__Plantactinospora

k__Bacteria|p__Actinobacteria|c__Actinobactg 0.10377 | 0.083442| 0.033794
|o__Bifidobacteriales|f __Bifidobacteriaceaelg | 2

ifidobacterium

k__Bacteria|p__ Actinobacterialc__Actinobacte -0.19973 -0.04952 | -0.03668
|o__Nakamurellales|f _Nakamurellaceaelipk

amurella

k__Bacteria|p__ Actinobacteria|c__Coriobacter -0.0631 | -0.07634 | -0.06444

o__Eggerthellales|f___Eggerthellaceaef{gordon

ibacter
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k__Bacteria|p__ Actinobacterial|c__Thermoleoy -0.1998 | -0.03787 | -0.04831
ialo__Solirubrobacterales|f__Conexibacterace

__Conexibacter

k__Bacteria|p__ Firmicutes|c__Bacillijo__Lactq -0.20243 -0.04009 | -0.04365
acillales|f__|g___

k__Bacteria|p__Firmicutes|c__Bacillijo__Lactq -0.17518| -0.00236 | -0.04769
acillales|f__Streptococcaceae|§treptococcus

k__Bacteria|p__ Firmicutes|c__Bacillijo__Lactg -0.06575| 0.08604 | -0.02159
acillales|f__Streptococcaceae|gactococcus
k__Bacteria|p__Amicutes|c__Bacillijo__Lactoly -0.22052| -0.04908 | -0.04804
acillales|f__Lactobacillaceael|g__

k__Bacteria|p__Firmicutes|c__ Bacillijo__Lactq 0.15505| 0.21733 | 0.090622
acillales|f__Lactobacillaceae|d_actobacillus 3
k__Bacteria|p__Firmicutes|c__Bacillijo__Lactg -0.20221 -0.04571 | -0.03201
acillales|f___Enterococcaceae|gnterococcus

k__Bacteria|p__ Firmicutes|c__Bacillijo__Lactg -0.17699 -0.02222 | -0.03086
acillales|f__Leuconostocaceae|geuconostoc
k__Bacteria|p___Fmicutes|c__Bacillijo__Bacilla 0.24150 | -0.05603 | -0.02029
es|f __Staphylococcaceae|@taphylococcus 2

k__Bacteria|p__ Firmicutes|c__ Clostridialo__C -0.14928 -0.0416 |-0.03513
tridiales|f__Clostridiaceae|gClostridium
k__Bacteria|p__Firmicutes|c__Negativicutes|g 0.16691 | 0.013254 | 0.064588
Veillonellales|f__Veillonellaceae|gNegativicoc | 4

cus

k__Bacteria|p__Deinococcus -0.21875| -0.06637 | -0.02945
Thermus|c__Deinococci|lo___Deinococcales|f_|

inococcaceae|gDeinococcus

k__Bacteria|p__ Tenericutes|c__Mollicutes|o_ | -0.20723 -0.05714 | -0.04786

ycoplasmatales|f___Mycoplasmataceaeldycopl

asma
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k__Bacteria|p__ Bacteroidetes|c__Sphingobac| -0.22744 -0.06315 | -0.05452
alo__Sphingobacteriales|f__Sphingobacteriac
g__Sphingobacterium

k__Bacteria|p__ Bacteroidetes|c__Flavobacter| -0.16978 0.000731 | -0.0474
o__Flavobacteriales|f _Flavobacteriaceaedn |

ryseobacterium

k__Bacteria|p__Verrucomicrobialc__|o__|f__|¢ -0.20056| -0.05548 | -0.04549
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4 Early life antibiotic exposurehasan immediate and

persistent effect on infant gut microbiome and resistome
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4.1 Abstract

Human gut microbiota colosation begins in infancy and coevolves with the host, with
modulation by early lifdactors such as mode of delivery, feeding habit and antibiotic
exposuranfluencing its developmentnfant gut microbiota is highly malleable, but the
long-term longitudinal impact of antibiotic uptake in early life, together with mode of
delivery on infant gut microbiota and resistome, is not extensively stuldiedhundred
and eightsamples from 4%nfants collected from hbih until two years of age over five
time points (week 1, 4, 8, 24, year\#¢re analysedBased on shotgun metagenomics,
the gut microbial composition and resistome profilss compareth earl life of infants
divided into threegroups: vaginal eivery/noantibiotic in first four days of life
(VDnoab); GCSection/neantibiotic in first four days of life (CSnoab);
Section/antibiotic ¥posed in first fourdays of life (CSab). Gentamycin and
benzylpenicillin were the most commordgministered antibiotics during the first week

of life in this cohort.

Newborn gut microbial composition differed in all three groups, with higher diversity and
stable composition seen at tyears of age, compared to week 1. Aarease in microbial
diversity from weekl to week4 only inthe CSab groupeflects the effect of antibiotic

use, withagradual increase thereafter. Overall relative abundance of Actinobacteria and
Bacteroidesvas significantly higher in VDnoab while Proteobactevis significatly
higherin CSab.Strains from species belonging Rifidobacteriumand Bacteroidetes
were generally persistera/ith Bifidobacterium brevandB. bifidum speciesbeingthe

major persisters in all three groupscteroidegpersistence was dominanttireVDnoab

group, with specieB. ovatusandPhocaeicola vulgatukund to be persisters the ne
antibiotic groups. Mst strains carrying antibiotiesistance geneslonged to phyla
Proteobacteria and Firmicutes, withe CSab group presenting high&requency of
ARGs. Given the high abundance of ARGs in the three groups, subsequent longitudinal
studies determining the effect of antibiotic alternatives in early life are needed to examine
their influence othelong-term presence of ARGs atitefunctiorality of the microbiota

Keywords: Infant gut, gut microbiota, shotgun metagenomics, resistome profile, strain

persistence
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4.2 Introduction

Early life is a crucial window for development of the neonate as the foundations for later
life are laid. The timing and source of colonisation of the microbiota play an indispensable
role in developing optimal health. These initial colonigesgform impatant functions

such as théoreakdown of complex compounds, elge trole of lifidobacteria inthe
breakdown of human milk oligosaccharides (HM@sharvest energy and synthesis
vitamins and metabolites such as vitag) and K and shofthain fatty aals (SCFAS)
(Arrieta et al., 2014)Theyprotectagainst pathogen colonisatioa phenomenoreferred

to as colonisation resistand®ickard et al., 2017) and they are involved gural
development and immune programming as the neurocogritid immunitynaturation
occurduring this period (Dinan and Crya2017, Walker2013,Zhenget al., 2020).

Infants have a simplgut microbial structure, comprised of fewer bacterial species than
adults,which stabilises by thredour years of age towards adult lifEhis earlylife gut
microbiota isinfluenced by several fact®thatinclude but are not limited to gestational
age (Cong et al., 2016), mode of delivery (vaginal ase€tion) (DomingueBello et al.,

2010, feeding habits (breastfeeding vs formula feeding) (Parnanen et al., 2022) and
antibiotic uptakeboth by the infant and the mother (Arboleyalet2022; Patangia et al.,
20223 Tapiainen et al., 201®arnanen «l., 2018§.

The nfant gut is consided an antibiotiaesistance gene (ARG) reservoir (Li et al., 2021,
Klassert et al., 2020). This high ARG abundance is associated with
Gammaproteobacteriawing to their intrinsic resistance and high colonisation levels in
early life (Olivara & Reygaert2022 Gibson et al., 2016, Gosalbes et al., 2016, Backhed
et al., 2015, Moore et al., 2013)-9ection (CS) born infants are colonised by a high
abundance of opportunistic pathogens belonging to taxa sudfsawerichia coli
Klebsiella andEnterobactey often resulting irhigher antibiotic use and ARG carriage

in these infants (Reymaet al., 2019Shaoet al.,2019). Antibiotic resistance is a global
health oncern (WHO, AMR report, 2014)Septic infections caused by antibietic
resistant bacteria areesponsible for 21,800 neonatal deasheach year, of which
multidrugresistant (MDR) baeria cause 30% (Laxminarayan et &016). The
immediate effect after antibiotic treatment is an overall decrease in gut microbiota
diversity, including commensalbenefiting the colonisation of antimicrobiadsistant

(AMR) strains due to selective pressure. Increasing evidence has demonstrated the
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association between antibiotic use and altered microbiota in early life, the rise in ARGs

(Tapiaineret al.,2019|Fjalstadet al.,2017), and its linkage to the development of disease

conditions in later life (Aversa et al., 2021).

CSand antibiotiause are common medical practi¢Bstranet al.,2016 Liu et al., 2018,

but it disturbs thenatural microbial coloisation process, impacting losigrm health of
the host(Patangia et al., 2022bHowever, there are stilimportant gaps in the
understanding of how disruption of microbiota by differing nsodé delivery and
antibiotic use can enhae or reduce the gut resistome as the infant ages. In thistsieidy,
combined effects oCS and antibiotic uptake on the meatxonomic diversity, and
frequency ofARGsover the first few weeks offé were investigated by comparing it to
CSborn and vagnally-deliveredcontrol groups without antibioticszurthermore the
effect of antibioticexposuran early life on the resistome and functional profile of infant
gut microbota longitudinally up to twgears of agevas investigatedCSdeliveryand
antibotic exposuren early life were seen tposea twofold disadvantage, resulting in
significantly lower microbial diversity and higher ARG frequency with antibiotic use

beingthe dominant influencing factor

4.3 Methods
4.3.1 Study group participants

In this study, DNA extracted from faecal samiesn full term infants from two study
cohorts INFANTMET and MYNEWGUT- were used to investigate the evolution of the
infant gut resistome using shotgun metagenomics throughoutsh24iweeks of life up
to two years of ageBriefly, MyNewGut (MNG) recruited full term C®orn infants
adminigered antibiotics in the first foutays of life. InfantMet (IM) included infants born
at full term both via € and waginal delivery and were not administered any amtidin

the first week of life (Hill et al., 20177 subset of subjects from these two stadie=45)
was selected and divided in thigr@ups. Group 1 (MNG+abf&ab) included infants born
by CSand given antibiotics during the first week of life. Grougli-Ab/CSnoab)
contains infants born by C8&ot administered antibiotics, and group 3 {Ald/\VDnoab)
has infants born via vaginal delivery not administered antibiotics in the first few days of
life. The cohorts and control groups were matched by gesthtamea (> 35 weeks
gestation), birth mode @& and VD), antibiotic treatment (i.e. benzylpeilim and
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gentamicin), d@t (mostly breastfed or combination of breast and formula fegdang
time points of sample collecin. The demographics for these thigant groups are as
follows (Table4.1).

Table4.1: Metadatdor infants included in this study.

Summary statistics

(n=45)

Characteristics MNG-CS IM-CS IM-VD
(CSab) (CSnoab) (VDnoab)

Number of infants, n (%) | 10 (22.22) 17 (37.77) 18 (40)

Number of samples, n 50 (24) 78 (37.5) 80 (38.4)
(%)

Time points, n

Week1 10 (%) 17 17
Week4 10 15 17
Week8 10 17 15
Week24 10 17 17
Year 2 10 12 14

Gender, n (%)
Male 4 (40) 9 (52.9) 9 (50)
Female 6 (60) 8 (47) 9 (50)

Mode of Delivery, n (%)
Vaginal 0 0 18 (100)
C-section 10 (100) 17 (100) 0

Gestational age (days) | *280(273,287) *273(272,28 | 278(277,287) 1

missing

Birth weight (g) 4002+ 646.61| 3543.5+ 3499.4+
463.88 402.9
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Antibiotic uptake in the | Yes No No
first 4 days of life
Feeding, n (%)

Breast 1(2) 3 (17.6) 4 (25)
Combine 8 (8) 10 (58.8) 14 (77.7)
NA 1(1) 4 (23.5) 0 (0)
Maternal age at infant| NA 34 33

birth (years) - average

Gravidity 1.5(1,2) 2(2,4) 2(1.25,2.75)
Parity 1(1,1) 2(2,3) 2(1,2.75)

APGAR score
Initial 9(8.25,9) 9(9,9) 9(8.75,9)
Second 10(9,10) 10(9,10) 10(9,10)

4.3.2 DNA extraction

Metagenomic DNA was extracted from fecal samples using the QIAmp Fast DNA Stool
Mini kit (Qiagen, UK) with a modified protocol combined with repeated bead beating
method (Aongtang Yu & Mark Morrison 2004Briefly, 1 ml of lysis buffer was added

to the stool sample in the bead beating tulle samples were homogenised with the
lysis buffer using a mini bealeater, incubated at 70°C for 15 minutes with mixing at
regular intervals, followed by another-frfinute incubation at 37°C and then centrifuged
at 4°Cfor five min at 16,000x gThe supernatant was then treated with ammoniuratacet

to remove impuritiesand incubated on ice for 5 min. This wiatlowed by another
centrifugation stept4°C for 10 min at 16,000x gnd therthe DNA was precipitatetyy
combining withequal volume oiso-propanoland stored overnight a20°C. On thenext

day, the DNA was pelletdaly centrifugation a#°C for 15 min at 16,000%, gvashed with
ethanol and Tri€DTA, treated witlProteinasek and RNAse and purified according the
manufacturer's instructions (QIAmp Fast DNA Stool Mini kit; Qiagen, UK). D&

was quantified using qubit and std at-30°C until further use
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4.3.3 Shotgun sequencing Library Preparation

Concentration oDNA was determined using quband diluted to 0.2p'ul as per the
manufacturer's instruction&ibrary prep for shotgun sequencing was performed using
Nextera XT kit following the Nextera XT DNA Library Preparation Guide from Illlumina.
Briefly, genomic DNA (0.2ng/ul) was tagmented20ul PCR reaction (containingub

of gDNA, 10ul of tagment DNA biffer and %l of Amplicon Tagment Mix) volume at
55°C. The tagmented DNA was then amplified udihgnina index primers, following
which the libraries were cleaned using AMPure beads. Quality of the library was then
evaluated by running it on the Bioanady using the Agilent High Sensitivity DNA chip.

The DNA was quantified using Qubit, normalised, pooled and outsourced to the Teagasc
sequencing facility for sequencing. Sales were sequenced as part of tteeguencing

runs along with one single sampld%9) ran on a new run making it part of a fourth

sequencing run

4.3.4 Filtering, Taxonomic and Functional analysis of metagenomics reads

The quality of raw reads from metagenomic ssung was assessed using FastQC
(v0.11.8) and MultiQC (v1.9). Further, trimming, filtering and host genome
decontamination of the magenomics reads was done usirrgrimomattc (v0.39) and
bowtie2 with Homo sapiengeference genome usirthe default parameters via the
KneadD[ata (v0.7.2) program from Huttenhew lab
(https://github.com/biobakery/kneaddata). FurthdtJMANN3 (v3.0) was used for
functional assignment of the reads providing microbial gene and pathway abundance
information (Beghini et al., 2021). WhildetaPhlAn3 was used to provide taxonomic
assignment to the filtered and trimmed reads using default paramdete®hlAn3

output was processed using the microbiomics (v0.0.0.9000) and phyloseq (v1.38.0)
package in R and relative abundance and mean relative alsendara was used for

plotting figures in R

4.3.5 Metagenomics assembly and contig binning

Post KneadB@ta filtering, the qualityfiltered sequencing reads were first fixed and sorted
using bbmap (v38.22). The metageres were then assembled using metafiRA
(v3.14) (Nurk et al., 2017yvith default parameters. The scaffolds generated were filtered
to obtain resulting scaffolds with minimum length of 1000 bp (1kbp). Metagenomic bins
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were generated from the filtered scaffolds using three metagenomic binning tools
(MetaBAT v2.12.1, MaxBin v2.2.622, and CONCOCT v1.0.023) using metaWRAP
(v1.3.1)(Uritskiy et al., 2018with default parameters. The bins were then refined with
Bin_refinement module of metaWRAP with optienss0-x 10', corresponding to the
criterion of nediumquality draft MAGs. The quality (estimated completeness and
contamination) of bins was evaluated with CheckM (v1.0(rks et al., 2015
implemented in metaWRAP. This resulted in formation of 1449 medium quality
MetagenomeéAssembledsenome (MAGSs) which were used for further analysis

4.3.6 Taxonomic and functional annotation of MAGs

The resulting MAGs were then provided taxonomic annotation with GTRBs1.5.0)

using 'classify_wf' workflow with default settings. The phylogenetic tree for the 1449
MAGs was generated usirfghyloPhlAn(v3.0.2) with optionstliversity low' and-fast'
(Asnicar et al., 2020). The protein coding genes from MAGs were predicted using Prokka
(v1.14) using default parameters. dbCAN (v3.0.1) (Huang et al., 2018) (run_dbcan.py)
was used to assign carbohydrate active enzymes (CAZymes) to all the MAGs using
default parameters. Only certain CAZymes as reported to be involved in HMO, FOS
metabolism were filtered and examined in downstream analysis. inStrain (Olm et al.,
2021) was usetbr identification of identical strains from MAGs, briefly MAGs were
dereplicated using drep (v3.2.0) resulting in 598 unique MAGs which were then mapped
on filtered and trimmed shotgun reads using the inStrain profile command using Bowtie2
(v2.3.4). The mStrain profiles are then processed with inStrain compare, where the
profiles ae compared and those with 998%opulation level average nucleotide
identity (popANI) are termed to be the same strain, belonging to the same cluster and thus
consideredelonging to the same sample. The resulting strains were then classified as
early or late colonisers, if they appeadturing the first eight weeks of life or lateary
coloniserswere further classified as persisters and 1pamsisters.The definition for
persisters was adapted from Lou et @022 and persistersvere definedas early
colonisers that persistddr 24 weeks (sixnonths) or more, otherwise the strain was
termed as nepersister. Bssible contaminantsere examined andetected by lookig

for strains presd in different clusters, markirend removinghem from further analysis.
Some strais were present in samples from tdifferent plates and thus they could be
classified as nowontaminantsHowever for a cluster, where tvgamples 108&nd 118
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were considered, some of the samples were on different plates, some showed persistence
and thus we infer that these could either be contaminants or samples from siblings.
However, additional metadata to study this in further detatsnot availale. Two other

MAGs were found to be part of three same samples (M15, M20, M25) which were all
sequenced as part of the same plate and thus could be possible contaminants. Either way

all the MAGs flagged as possible contaminants were removed from funlgsia

4.3.7 Resistome and virulence analysis

MAGs generated  were then processed through AB&e
(https://github.com/tseemann/abricate) using default settings with CARD
(Comprehensive Antibiotic Resistance Databgde et al., 2017), VFDRVirulence
FactorDatabase)]Chen et al., 2016), Plasmid finder (Carattoli et al., 2014) databases.
Results from CARD and VFDB were used further unless otherwise specifiecbVRGI
along with the CARD (v3.1.4) (Alcock et al., 2020) was used to pra&@&sin the clean
andfiltered metagenomics reads using default parameters. Thé®iGkad mapping
results at gene level were normalised by the read counts per sample and converted to
copies per million (cpm) of ARGs per sample and used for dogarstianalysis. ARG
names fromABRicate and RGI output were curated to antibiotic class nhames based of
phenotype from CARD. Any gene that conferred resistance to three or moretentibio
classes was termed as mudtig resistant (MDR) in downstream analysis. However, the
antibiotic clhsses of interest in the study (classes of antibiotics administered to infants in
the first week of like in CSab groupAminoglycoside and or Penams) where appeared

are spelled out along with MDR for better visualisation purposes

4.3.8 Differential abundance analysis

Analysis of which taxa or ARG classeswdrthe difference between the thigg@upsin

the present study was done using Maik&L(Mallick et al., 2021) and Songbird (Morton

et al., 2019). Songbird for differential abundance analysis of longitudiata was
performed using default parameters to study the bacterial species most associated with
each group and driving the differences in the groups. Only the top 10 associations (both

positive and negative top10) were used for further analysis
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4.3.9 Statistical analysis and data representation

Downstream analysis of the data was dank (v4.1.0) using packages includiviggan
(v2.5.7) (Oksanen et al., 2020), Phyloseq (v1.38.0) (Mcmurdie & Holmes, 2013), ggplot2
(v3.3.5) (Wickham, 2016)nicrobiome utilitiev1.0.16) andygpubR (v0.4.0). Statistical
analysis was performed in R ugifPermanova to check the propon of explained
variance and significance of each variable using pairwiseAdonis) (W¥i#toxon sum

tests, paired-tests Dunn tesand ANOVA asmentioned throughout the text were used

to verify statistical significanc&Spearman correlation coefficient was used to determine
the correlation between relative abundance over time for species for each group and top
10 positive and negative results wptetted in R Statistical significance was determined

by 999 permutations andyalues were corrected using FDRyalues below 0.05 were

considered significant

4.4 Results

To characterise the microbial and resistome development in easipéfagenomiciata
of two hundredandeight stool samples from 45 infantgeredivided into three groups
based on their mode of delivery and antibiotic ket the first week of lifg.e. vaginal
delivery/naartibiotic (VDnoab); GSection/neantibiotic (CSnoab); €Section/antibiotic
(CSab).This study included samples at five tinmoints from weekKlL, week4, week3,
week 24 and yea? of age. Altogether 10 infants were born b$ &d administered
antibiotics in the first four days of life, with gentamycin and Besizsnicillin being the
most commonly administered. Gestational age and birth weight wellarsatross all
groups (Tabletl.1).

4.4.1 Antibiotics limit microbial composition development and decrease diversity

Metagenomic analysis revealed increased richness and diversity over time in all groups
(Shannorindex, Figure4.1A, 4.1B), with significant differences between all early time
points (week 1, week 4, week 8 and week 24 the final time-point, year 2. The
significant difference (walue=0.015) in alpha diversity (Shannon index) observed
between week and weeld in the CSab group, which was not the case in the other groups,
shows a gradual increase and high variationicrabial diversity in early life due to the
effect of antibiotic administration (Figuré.1lA). The CSab group had low initial

microbial diversity (Shannon index) when compared with the other groups (Figure
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$4.1A), with a significant differencebserved atveek1 between CSab andSGoab (p
value=0.01) groups and at weak between CSab and CSnoalv§hue=0.013pndCSab

and VDnoab (pralue=0.04) groups, however, no significant differences were observed
otherwise (Figure &1A).

Principal coordinateanalysis (PCoA) was used along with Bi@yrtis dissimilarity
metrics and UniFrac distance to plot microbial composition profile differences between
the three groups, giving similar results for eachalad tested (Figure 4.1C). Using Bray
Curtis distance, CSab groupshoweda distinct microbial composition compared to
CSnoab  (pralue=0.0105, PERMANOVA) and Mivab (pvalue=0.0060,
PERMANOVA) groupsBeta diversity also varied between time pointvghe=0.001,
R2=0.11; Adonis2), by mode of delivery {palue=0.003, R2=0.013Adonis2) and
antibiotic use (pvalue=0.002, R2=0.016Adonis2) in early life; with antibiotic use
explaining slightly higher variation between the groups dftetime variable Microbial
communities were mainly structured by thpeint, and significant differences were
observed between the CSab and VDnoab graipseek 1, week 4 and week(g-
values=0.024, 0.048, 0.018 respectively, Adonis2) and between VDnoab and CSnoab
groups atweek 1(p-value=0.075) (Figure £2A). To determine th effect of delivery
mode and antibiotic use on the microbial composition, PERMANQ& performed

using pairwiseAdonis in R on microbial composition data at eachpoimg. At weekl,
delivery mode and antibiotic usage caused significant variations einmticrobial
composition of infants, with delivery mode having a higher effect size. The effect of mode
of delivery decreased over time, but antibiotic use in the first week of life was a significant
variable affecting microbial composition in infants upeek24 (Figure 8.2C).
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Figured.l: A. Alpha diversity as measured by Shannoivermdity index between all time
points in the three study groups:vBlues were calculated usitige Wilcoxon test with
stat_compare_means, with p < 0.05 usedhasignificance threshold. B. Taxonomic
distribution of infant gut microbiota at class level using relative abundance for each group
over time from week to yea2. C. PCoA plot using Bragurtis and unweighted UniFrac
distance metrics; with ellipses drawnthveach grouping variable namelynie-point,
Antibiotic, Delivery and Study groups.-\Rlue and R2 values were generated using
PERMANOVA, with p < 0.05 considered as significant

4.4.2 Microbiota composition is strongly influenced byantibiotics following CS
delivery in early life
Given the significant effect of deliveryodeand early antibiotic exposure on microbial

diversity, the colonisation pattern in therégd groups by read and asserdbdged
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approaches from shotgun sequencirgadwas examined. The phyRrmicutes and
Proteobateria were most prevalent in @®rn infants, with highest abundancetire
CSab grougFigure 31.1B). Actinobacteria and Bacteroides abundance was high in VD
infants, with high relativabundince in the n@ntibiotictreatedgroups and lowest ithe
CSab group from week. Detailed analysis at each time mtadlemonstratethe absence

of phylum Bacteroidetes in the &®rn infants at week. At week4, Bacteoidetes were
present in the nantibiotic groups (CSnoab) but not irS&b until week24 (Figure
$A.1B). Phylogenetic analysis using 1448 MAGs demonstrated a grouping wkere th
majority of the neantibiotictreated groufpased MAGs were present in the tree's upper
half, dominated by Actinddeteria, Bacteroidetes and Verrucaenaibiota. This upper half

of the tree also was assded with VD infants, with scarcabundance of MAGs
belonging tathe CSab groupA distinct clustering of MAGs at ye&was seemnd this
was mostly associated with Firmicutes A, pointing towards isargaFirmicutes

abundance witincreasingage (Figuret.2).
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Figure4.2: Phylogenetic tree createdg Phylophlan from 1448 mediuguality MAGs
generated in thistudy. Each branch represents a MAG with (from innermost to outermost
ring): phylum level distribution of the MAGSs, antibiotic use in early life and delivery
mode, groups variable in study, succeeded by-poiet and counts of ARG abundan

per MAG as eamined using ABRate with CARD

We further examined the mean relative abundantéhe classes (Figu#1B) and top
10 most abundant species for all groups longitudinally (Figa&). Commensals such
asBifidobacteriumspecies includin®. bifidum B. breveB. longumB. kashiwanohense
Bacteroides (Bacteroides vulgatys Collinsella aerofaciensand Escherichia coli
abundance werehighest in the VDnoab group at wekland weeld, and generallyan
increasing trend was seen for all groups till w&dk Interestingly,Bifidobacterium

dentiumabundance was highesttime CSab groupgranting this species an undisclosed
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benefit in adverse circumstances like the administration of antibibbesprevalence of
commensals was observed in -6&n infants, with higher initial abundance of
opportunistic bacterim the CSab groupelonging to Proteobacteria and Firmicutes such
as Klebsiella pneumonigeRuminococcus gnavusveillonella parvula, Raoultella
ornithinolytica, Enterobacter cloacaeomplex,which decreased over time (Figue
A,C).
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Figure4.3: A. Relative abundance showing top 10 spepier group over time from week

1 up to year 2, where time is in weeks. B. Plots show differential abundance analysis
using Songbird with VDnoab group as reference run using the for@(G&oup,
Treatment('VDnoab"))Plot on the left sid€B.A) corresponds to CSnoab group as
treatment whe that on righi{B.B) depicts CSab group as treatment against the reference
group. In both cases negative value (Blue bars) repridseassociation to the reference
group (here VDnoab) while positive values (red bars) reprebergssociation to the
treatment group; here CSnoab (on left plot) and CSab (right side plot). C. Heatmap
representinghe association of bacterial abundance with time. Results Bpearman
correlationanalysisin R, runusingrelative abundance of species for each groujrte-
point.P-adj values < 0.05 were considerggh#ficantand corresponding species and their
coefficients plotted In the plot, blue bands denote decreasing with time (negative
coefficien) while red bands denote positigeefficientwhich means increasingver

time. While grey means NA denoting not detected significantly as top 10 in that group

4.4.3 Stronger as®ciation and colonisation of CSborn babies with pathobionts

To further determine the association of each gemdgtime with bacterial taxeicrobial
abundancédspecies)atawere associated with longitudinal tir@oint usingSpearman
correlationfor each group (Figuré.3C). The top10 positive and negative coefients
derived after filtering for significant p.adjusted values were then ploltedeneral,
facultative anaerobes (such @&phylococcysStreptococcusEnterococcusknown to
colonise the gut in the first week of lihoweda decreasing trend over time, while
obligate anaerobe®Blautia, Bifidobacterium AnaerostipesBacteroides Eggerthella
Ruminococcuys Eubacteriumm showed a growing trend with time. The taxa
Bifidobacterium bifidum Faecalibacterium prausnitziiBlautia (Blautia wexlerag
Bacteroides(Bacteroides fragiliy Eubacterium(Eubacterium rectale Eubacterium
hallii), AnaerostipegAnaerostipes hadriisand RuminococcugRuminococcus bronjii
were found to have positive associations anceia®e in all thregroups over timéFigure
4.3C).

Genera that were significantly different between any two groups overall wetéiete
using Songbird differential abundance analysis tool. Associations@éspeith specific
groups from Sngbird demonstrated stronger associatioBiGitlobacteriumspecies to
theVVDnoabgroup, but when CSnoab to CSabreveomparedBifidobacteriumspecies
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weremore associated the CSnoab group (Table4s). When VDnoab group was used
as reference (Figur¢.3B), several commensals were associatethéd/Dnoab group,
some of which are involved in folate, lactate and butyrate production such as
Bifidobacterium adolescenti®uthenibacterium lactatiformang&rysipelatoclostridium
ramosum Bifidobacterium longum Lactobacillus paragasseri Bifidobacterium
kashiwanohense Collinsella aerofaciens Bacteroides fragilis Parabacteroides
distasonis Bactewoides dorei While a mix of opportunistic bacteria and commensals
including Clostridium perfringens Veillonella (sp seminalis and parvula),
Bifidobacterium pseudocatenulatumStreptococcus salivarius Escherichia coli
Enterococcus faecalilRuminococcudromii was associated witthe CSnoab group.
Similarly, the CSab group was more associated Bifidobacterium dentium
Ruminococcus gnavu&nterococcus faecalisveillonella parvula Faecalibacterium
prausnitzii Klebsiella pneumoniaé&Vhile comparingassociations between CSnoab and
CSab group (Figure 8.2B) Bifidobacterium adolescentis Bifidobacterium
pseudocatenulatunBifidobacterium kashiwanohendgacteroides vulgatyd/eillonella
seminalis Bifidobacterium longumParabacteroides distasoniBaderoides doreivere
associated to the CSnoab group. At the same Bifidpbacterium dentiugVeillonella
parvula Klebsiella pneumonigd-aecalibacterium prausnitziBifidobacterium breve
Enterococcus faecalisRuminococcus gnavust a direct mix of commensals and

opportunists was associatedhe CSab group (Figure42B).

4.4.4 Antibiotic administration in early life is strongly associated to the resistome
profile

Using CARD with ABRicatethe presence of 213 ARGs in 1024 MA®Gas detected
Resistance wagbserved against 26 differeclasses of antibiotics in the presariant
FRKRUW ZKLFK LQFOXGHG DQWLPLFURELDOV EHORQ
LPSRUWDQWT DQG MLPSRUWDQWY FDWHJRULHV
https://apps.who.int/iris/bitstredhandle/10665/312266/9789241515588). pdf).

Highest ARG distribution was in the phylum Proteobacteria followed by Actinobacteria
and Firmicutes (Figurd.2), with Proteobacteria possessing the highest abundance of
unigue ARGs (182). The majority of geneatributing to this ARG abundance included

several taxa belonging to Gammaproteobacteria nanksigherichia Klebsiellg
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Enterobacter Raoultellg Citrobacter and others including Enterococcus
StaphylococcysStreptococcusand bifidobacteria. Interestity, species belonging to
Escherichiacontributed to the largest number of ARG abundance accounting for 56% of
the total number of ARGs detected (146 different ARGs presentfdit3odetected)
(Figure S1.4A). Results from the reabased approach using R@ith CARD further
confirmed the resistome profile distribution in infants with a high abundance of resistance
gene mapping observed to aminoglycoside, MDR, macrolide;|Bet@m, tetracycline

and fluoroquinolone antibiotics (Figur4A). Functional chaacterisation of ARGs
showed that antibiotic target alteration was the most common type, followed by antibiotic
inactivation and antibiotic efflux as mechanisms for antibiotic resistaimesdistribution

and dundance pattern of ARGs in tlstudy's three @upswas investigatedand a
decrease in alpha diversity from weékto year2 (p-values: For CSab=0.001, For
CSnoab=0.003 and for VDnoab=0.000ahd week?24 to year2 (p-values: For
CSab=0.02, For CSnoab=2-66 and for VDnoab=0.0001yasobservedhowever, no
other differences wereseen (Figure 44B). PERMANOVA demonstrated discrete
clustering between the CSab and VDnoab group&lye=0.03,Adonis? using NMDS

plot with BrayCurtis distance matrix (Figure43 B). Antibiotic use in early life and
time, both had significant impact on the ARG diversity, leading to significant differences
(antibiotic exposure: palue=0.007, time: qalue=0.001, PERMANOVA); with no
significant effect of mode of delivergignificant pvalues were also observed between
CSnoab and CSab-{@lue=0.05) at weel and between CSnoab and CSab and VDnoab
and CSab at week (p-value=0.02 and 0.03 respectively, PERMANOVA).

Additionally, 20 classes of differentially abundant antibiotic resistaslasses were
detected using MaAsn2. Overall, and at week and weekd4, the CSab group was
strongly (positively) associated with genes conferring resistance to aminoglycoside, Beta
lactams, penams, MDR, elfamycin, fluoroquinolone, tetracycline, macrolide among
others when compared with the other groups. Some of these aotdiastises such as
penams, amioglycosides are the same clasthos administered to infanig this group
during the first fourdays of life (Figure4.4C). Interestingly, infants ithe other two
groups, CSnoab and VDnoab also showed positive assosiaiocertain antibiotic
classes even at weé&kand weeld when no antibiotics were administered during the first
week of life. Further, the antibiotic resistance for all the classes olsenthe study
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groups over time was examinég normalising the da to cpm and plotted the log
transformed results, with VDnoab group as reference (Figdi®.She neantibiotic

groups clustered together at each time point, with CSab group showing resistance to
several antibiotic classes overall and at wkeknd weeld including aminoglycoside,

beta lactams and penams, MDR including aminoglycosides, which were drugs,
administered to the infants during the first week of life. Interestingly, at @weé&Sab
showed significantly high resistance to several antibioticseswith reference to
VDnoab group while CSnoab group showed none. These differences could be due to the
transient nature of the many taxa that colonised during early lifgei@Snoab group,

which might have reduced in abundance over time. However, enCtBab group
antibioticexposure in the first four days of lifesulted in selective pressure that might
result inthe presence of these AR®ntaining bacteria, which were detected at wkek

and then possibly decreasing over time (Figut8)S
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Figure 44: A. Box plot representing the total resistome peoéf the infants included in

this study, with antibiotic class names of penams and aminoglycosides retained in MDR
classes to facilitate understanding, as these are the classes of antiiotiustared to
infants in the CSab group. Antibiotic classesevdetected using RGI with CARD'he
abundance of antibiotic classevas normalised to cpm and {ognsformed. B. Alpha
diversity plot using Shannon diversity index for ARG diversity for egrclup between

all the time points. ®alue of < 0.05 was considered rsficant (Wilcoxon test). C.
MaAsLin2 differential abundance analysis do@énts obtained by running MaAsi2
overall and at week and weeld for each group using the parameters pievalence =

0.1 and min_abundance =0
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4.4.5 Strain persistence is increased in vaginal delivery and antibiotic naive groups

To understand the prevalence patternghefresistome irthe infant gut the antibiotic
resistancebserveddue to early life antibiotic exposureas investigated to check if it
perssts in bacterial strains to twears of age. inStraingas used wittMAGs to identify
identical strains and examine their persistencefamis in early life. Briefly, bins were
dereplicatecat 98% wholegenome average nucleotide identity (JANI) to obtain unique
stains, which were mapped onto shotgun reads. If the genonoa gnonstrated more
than 99.9% populationlevel ANI (popANI) identity in two samples, the same strain was
considered identical in the two samples. Basa theclassification of persisters, non
persisters and early colonisers (adapted from Lou et al., 20Bibher number of early
colonisers were present in the-aatibiotic groups, with highest detectedive VDnoab
group (Figuret.5B). Further, 98% of theetected strains were early colonisers, of which
45% were notpersisters. Of the early colonisers, 38% in CSnoab group, 50% in the
VDnoab group and 48% in the CSab group were-pensisters (Figureél.5B). Not
surprisingly, the highest number of persistédrat remained until twgears of age was in

the VDnoab group, which could be due to the higimeimber of strainsinherited
maternally by vertical transmissi@uch as those belongingttte Bacteroidetephylum

in this group. Overall, due to their abundant appearance in early life in healthy infants and
critical role in carbohydate metabolism in early lifejfillobacteria constituted the genera
that contributed to the maximum percentage of persidBageroideswere generally
persisters, with very few nepersisters. While majorly, Proteobacteria along with some
Actinobacteria and Firmicutes were among the top-pensisters (Figure 45). Based

on the stringent cetria to define strains, we considdsat ARG abundance detected
within persisters are the same genes that appeared in early life and persisted uitil year
Investigatinghe top 10 strains carng antibiotic resistance genes revealed that all strains
in the neantibiotic groups belonged to the genksxtherichia while thosan the CSab
group belongdto a mixture of taxa fronammaproteobacteria; includirigscherichia,
Klebsiella and Raoulteltawith none persisting ufp two years of age. Aloser lookat
thetop 10 strains per group and antibiotic clsissweda wide variety of early colonisers
belonging to generaEscherichia, EnterococcusBifidobacterium Streptococcus,
Collinsella, PhocaeicolandBacteroideamong otherdhemajority of these strains were

nonpersisters, with most present till wegland some till weeR4 (Figure 4.5A)
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Figure4.5: A. Persistence of strains carryittgetop 10 highest abundance of AMR per
group and class in infants g two years of. Right side of the plot defsabundance as
detected by ABRate in the form of heatmap. The strains are colour coded based on
the phylum which they belong to, as detected by GTDB. B.pRarshowing perent
distribution of the generaifidobacteria, Bacteroidesand others as earlyolonisers
(further divided into persisters and nparsisters) and late coloniséor each of the three

groups in the study
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4.4.6 Functional profiles of the microbiota in infants is influenced by antibiotic
exposure and age
Differences in microbial composition, abundance and resistome might infer variation in
functional capabilities of the microbiota. Thus, nektferences irthefunctional ability
of gut microbiotavere examined in the thretudy groups/Dnoab, CSnoab and CSab
Cartlohydrate metabolism including HMO and GOS degradation is an important ability
for infant gut microbiota in early life especially when fed breast milk. Overall CAZyme
(GH) abundance was significantly highertive VDnoab group as compared to CSnoab
and CSalgroups (pvalue=1.9€15 and 0.0028 respectively; Wilcoxon test) and CSnoab
group had higher GH abundance compareiti¢dCSab group (palue=0.0033) at week
1. At week4, significant difference was observed between VDnoab and CSnoab and
VDnoab and CSabpfvalue=3.3e06, 9.7€06 respectively).CAZyme analysis was
restricted to GH related t8MO, GOS and FOS degradatienzyme families in early life
due to their importance in early lifehe phylum Actinobacteria and Bacteroidbtal the
highest percent conlbution to GH abundancand itwas highest ithe VDnoab group.
At the same time, Firmicutes and Proteobacteria contributthigher percentage in the
CSborn infants (Figure4.6A). Further, GH abundance related to HMOs #&0S
decreased over time il éhree groups andhe VDnoab group had significantly higher
abundance than CSnoab grouprghue=0.0035, Wilcoxon tesfPathway abundance data
from HUMANN3 was analysedy clustering the pathway to higherder MetaCyc
pathways. Based on Metg€ pathways fromHUMANNS3 results (Figug 4.6B), the
antibiotictreated infants showedstronger association to pyrimidine nucleotide
biosynthesis, ubiquinol (electron carrier biosynthesis) and aromatic compound
degradation (toluene, catechol, protocateauaathwayswith essential pathways such
as glycolysis, phospholipid biosynthesis, nucleic acid processing, carbohydrate
degradation, amino acid biosynfieincreased over time (Table }.8imilarly, NMDS
analysis with BrayCurtis showed significant dérence between wedkand all later time

points,andyear2 and all arly time points (significantalues,Adonis?.

Table 4.2: Table presenting sigincant pvalues obtained from MaAsh2 differential

abundance analysis for unstratified data fldoiMANN 3.

feature Antibiotic | coef p-value
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PWY.7211..superpathway.of.pyrimidine.deoxy yes 961.594 | 0.00019
bonucleotides.de.novo.biosynthesis

PPGPPMET.PWY..ppGpp.biosynthesis yes 759.515 | 0.00064
PWY.6545..pyrimidine.deoxyribonucleotides.q yes 750.848 | 0.00117
novo.biosynthes.lll

CATECHOL.ORTHO.CLEAVAGE.PWY..cate( yes 194.333 | 0.00614
hol.degradation.to..beta..ketoadipate
PROTOCATECHUATE.ORTHO.CLEAVAGE.| yes 278.919 | 0.00382
PWY..protocatechuate.degradation.ll..ortho.cl

vage.pathway.

PWY.5181 toluene.degradation.lll..aerobic...v| yes 218.475 | 0.00547
.p.cresol.

PWY.5417..catechol.degradation.lll..ortho.cle| yes 246.549 | 0.00621
age.pathway.

PWY.5431..aromatic.compounds.degradation| yes 246.549 | 0.00621
a..beta..ketoadipate

PWY.5855.ubiquinol.7.biosynthesis..prokaryol yes 359.876 | 0.00680
C.

PWY.5856..ubiquinol.9.biosynthesis..prokaryq yes 359.876 | 0.00680
C.

PWY.5857..ubiquinol.10.biosynthesis..prokary yes 359.876 | 0.00680
ic.

PWY.6318..L.phenylalanine.degradation.IV..n| yes 320.314 | 0.00409
mmalian.via.side.chain.

PWY.6562..norspermidine.biosynthesis yes 68.1263 | 0.00334
PWY.6708..ubiquinol.8.biosynthesis..prokaryq yes 359.876 | 0.00680
C.

PWY.7210..pyrimidine.deoxyribonucleotides.f yes 638.424 | 0.00441
synthesis.from.CTP

PWY0.1297..superpathway.of.purine.deoxyrilj yes 937.509 | 0.00576

ucleosides.degradation
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PWY.6182..superpathway.of.salicylate.degraq yes 190.901 | 0.00862
on

ECASYN.PWY..enterobacterial.common.antig yes 380.688 | 0.01017
n.biosynthesis

P185.PWY formaldehyde.assimilation.lll..dihy| yes 453.982 | 0.01145
roxyacetone.cycle.

PWY.7199..pyrimidine.deoxyribonucleosides.{ yes 918.564 | 0.01226
vage

A closer look at the stratified counterpart of pathway abundance dataHiudviAnN3
showed study variables including groups, delivery mode, antibiotic uptake in early life,
time-point having an effect on pathway abundance with significant clustering observed
between VDnoab and CSab and between CSnoab and CSab groups {re@i)re
(pairwise Adonis PERMANOVA: p-values0.003 and 0.045 respectively for groups, p
value=0.01 by mode of delivery, -palue=0.001 by early antibiotic uptake and p
value=0.001 byime point, PERMANOVA). Based on R2 values from Adonisie
variable and early antibile exposure (R2: 0.15, 0.015 respectively) had the highest
influence on separating samples based on pathway abundance; this along with distinct
clustering ofthe CSab group fronthe neantibiotic groups points towards the impact of
antibiotics in early e onthefunctionality ofthe microbiota.Many pathways including
those related to sugar metabolism, purine and pyrimidine biosynthadigmino acid
biosynthesisvere associated to the antibietieated group. These differentially abundant
pathways wee mostly diven by Bifidobacterium dentiunspecies Ruminococcusind

Faecalibacteriunspecies (Table 4.3)

Table 4.3: Table presenting sigiicant pvalues obtained from MaA#h2 differential
abundance analysis for stratified data fididMANN3.

feature Antibiotic | coef p-value
ARGSYNBSUB.PWY..L.arginine.biosynthesis.| yes 398.3997| 0.0006

.acetyl.cycle..g_Bifidobacteriums__Bifidobacter

ium_dentium
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BRANCHED.CHAIN.AA.SYN.PWY..superpath
way.of.branched.amino.acid.biosynthesisBjfid
obacteriums__Bifidobacterium_dentium

yes

455.515

0.0010

COA.PWY.1..coenzyme.A.biosynthesis.Il..man
alian..g_ Bifidobacteriums__Bifidobacterium_de

ntium

yes

427.7017

0.0007

COA.PWY..coenzyme.A.biosynthesis.l.difido

bacteriums__Bifidobacterium_dentium

yes

386.625

0.0007

DTDPRHAMSYN.PWY..dTDP.L.rhamnose.bios
ynthesis.l.g_Bifidobacteriums__Bifidobacterium

_dentium

yes

488.6735

0.0009

HISTSYN.PWY..L.histidine.biosynthesis.gBifi

dobacteriuns__Bifidobacterium_dentium

yes

380.7538

0.0009

ILEUSYN.PWY. L.isoleucine.biosynthesis.l..fro
m.threonine..g_Bifidobacteriums__Bifidobacteri

um_dentium

yes

473.6178

0.0011

NONMEVIPP.PWY..methylerythritol.phosphate
pathway.l.g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

397.1707

0.0008

OANTIGEN.PWY.O.antigen.building.blocks.big
synthesisk..coli..g__Bifidobacteriums__Bifidob

acterium_dentium

yes

396.0303

0.0010

P124.PWY..Bifidobacterium.shunt.gBifidobact

eriums__Bifidobacterium_dentium

yes

401.8314

0.0009

PWY.2942. L.lysine.biosynthesis.lll.gBifidobac

teriums__Bifidobacterium_dentium

yes

488.1304

0.0007

PWY.3001..superpathway.of.L.isoleucine.biosy
hesis.l.g_Bifidobacteriums__Bifidobacterium_d

entium

yes

440.3852

0.0008

PWY.3841..folate.transformations.ll.gBifidobac

teriums__Bifidobacterium_dentium

yes

375.2278

0.0006
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PWY.4242..pantothenate.and.coenzyme.A.bios
hesis.lll.g_ Bifidobacteriums__Bifidobacterium_

dentium

yes

389.7976

0.0007

PWY.5097..L.lysine.biosynthesis.VI.gBifidoba

cteriums__Bifidobacterium_dentium

yes

4291196

0.0008

PWY.5103..L.isoleucine.biosynthesis.lll.dBifid
obacteriums__Bifidobacterium_dentium

yes

442.9995

0.0009

PWY.5384..sucrose.degradation.IV..sucrose.pk
phorylase..g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

517.8944

0.0007

PWY.5659.GDP.mannose.biosynthesis.g@ifido

bacteriums__Bifidobacterium_dentium

yes

390.9609

0.0007

PWY.5686..UMP.biosynthesis.gBifidobacteriu

m.s__Bifidobacterium_dentium

yes

536.4589

0.0007

PWY.6121..5.aminoimidazole.ribonucleotide.bi
ynthesis.l.g_Bifidobacteriums__Bifidobacterium

_dentium

yes

340.0982

0.0008

PWY.6122..5.aminoimidazole.ribonucleotide.bi
ynthesis.ll.g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

369.1303

0.0008

PWY.6123..inosine.5..phosphate.biosynthesis.

_Bifidobacteriums__Bifidobacterium_dentium

yes

365.3022

0.0007

PWY.6124..inosine.5..phosphate.biosynthesis.
__Bifidobacteriums__Bifidobacterium_dentium

yes

344.4034

0.0007

PWY.6151..S.adenosyl.L.methionine.cycle.l.B_|

ifidobacteriums__Bifidobacterium_dentium

yes

430.8586

0.0008

PWY.6277..superpathway.of.5.aminoimidazole
bonucleotide.biosynthesis.gBifidobacteriums___

Bifidobacterium_dentium

yes

369.1303

0.0008

PWY.6385..peptidoglycan.biosynthesis.lll..myc
acteria..g_Bifidobacteriums__Bifidobacterium_d

entium

yes

363.3126

0.0007
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PWY.6387..UDP.N.acetylmuramoyl.pentapepti
biosynthesis.l..meso.diaminopimelate.containin

g__Bifidobacteriums__Bifidobacterium_dentium

yes

342.8993

0.0007

PWY.6737..starch.degradation.V.difidobacteri

ums__Bifidobacterium_dention

yes

538.29

0.0008

PWY.7111..pyruvate.fermentation.to.isobutano
ngineered..g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

474.6266

0.0010

PWY.7219..adenosine.ribonucleotides.de.novo
osynthesis.g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

438.3994

0.0007

PWY.7221..guanosine.ribonucleotides.de.novo
osynthesis.g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

611.7984

0.0007

PWY.7234..inosine.5..phosphate.biosynthesis.

g__Bifidobacteriums__ Bifidobacterium_dentium

yes

365.5587

0.0007

PWY.724..superpathway.of.L.lysine..L.threonin
and.L.methionine.biosynthesis.ll.gBifidobacteri

ums__Bifidobacterium_dentium

yes

413.5308

0.0007

THRESYN.PWY..superpathway.of.L.threonine.
osynthesis.g_Bifidobacteriums__Bifidobacteriu

m_dentium

yes

424.996

0.0007

UDPNAGSYN.PWY..UDP.N.acetyl.D.glucosan
ne.biosynthesis.l.g Bifidobacteriums__Bifidoba

cterium_dentium

yes

369.8979

0.0010

VALSYN.PWY..L.valine.biosynthesis.g Bifidob

acteriums__Bifidobacterium_dentium

yes

473.4299

0.0011

X1CMET2.PWY.N10.formyl.tetrahydrofolate.bi

synthesis.g_Blautias__Ruminococcus_gnavus

yes

126.3377

0.0030

ARGSYN.PWY..L.arginine.biosynthesis.l..via.L

rnithine..g_ Blautia.s__Ruminococcus_gnavus

yes

155.6105

0.0030
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ARGSYNBSUB.PWY..L.arginine.biosynthesis.| yes 184.2446| 0.0023
.acety.cycle..g_ Blautias__Ruminococcus_gnav

us

BRANCHED.CHAIN.AA.SYN.PWY..superpath | yes 154.5044| 0.0031
way.of.branched.amino.acid.biosynthesisBjau

tia.s__Ruminococcus_gnavus
COA.PWY.1..coenzyme.A.biosynthesis.ll..man| yes 152.4818| 0.0024
alian..g_ Blautia.s__ Ruminococcus_gnavus
COA.PWY..coenzyme.A.biosynthesis.l.@lauti | yes 150.0988| 0.0026
a.s__Ruminococcus_gnavus

DTDPRHAMSYN.PWY..dTDP.L.rhamnose.biog yes 146.8284| 0.0015
ynthesis.l.g_Blautia.s _Ruminococcus_gnavus
GLUTORN.PWY.L.ornithine.biosynthesis.gBl | yes 129.8241| 0.0031
autias__Ruminococcus_gnavus
PEPTIDOGLYCANSYN.PWY..peptidoglycan.b| yes 156.6033| 0.0026
osynthesis.l..meso.diaminopimelate.containing
_Blautia.s__Ruminococcus_gnavus
PWY.1042..glycolysis.IVplant.cytosol..g_Blaut | yes 170.2212| 0.0024
ia.s__Ruminococcus_gnavus

PWY.2942. L.lysine.biosynthesis.lll.gBlautia.s | yes 168.046 | 0.0026
__Ruminococcus_gnavus

PWY.3841..folate.transformations.ll.gBlautia.s | yes 135.7699| 0.0025
__Ruminococcus_gnavus

PWY.4242. pantothenate.and.coenzyme.A.biog yes 148.9855| 0.0021
hesis.lll.g_ Blautia.s__Ruminococcus_gnavus
PWY.5097..L.lysine.biosynthesis.VI.gBlautia.s | yes 158.8982| 0.0028
__Ruminococcus_gnavus

PWY.5103..L.isoleucine.biosynthesis.lll.gBlaut | yes 153.8428| 0.0029
ia.s__Ruminococcus_gnavus

PWY.5667..CDP.diacylglycerol.biosynthesis.l.g yes 137.6698| 0.0031

_Blautia.s__Ruminococcus_gnavus

176




PWY.5686..UMP.biosynthesis.gBlautia.s__ Ru

minococcus_gnavus

yes

153.4085

0.0027

PWY.61215.aminoimidazole.ribonucleotide.biq

ynthesis.l.g_Blautia.s__Ruminococcus_gnavus

yes

150.544

0.0028

PWY.6122..5.aminoimidazole.ribonucleotide.bi

ynthesis.ll.g_Blautia.s__Ruminococcus_gnavus

yes

146.362

0.0029

PWY.6126.superpathway.of.adenosine.nucleot
s.de.novo.biosynthesis.ll.gBlautia.s _Ruminoco

CCUs_gnavus

yes

191.424

0.0024

PWY.6151..S.adenosyl.L.methionine.cycle.l.B_|

lautia.s__Ruminococcus_gnavus

yes

148.139

0.0031

PWY.6168..flavin.biosynthesis.lll..fungy_ Fae

calibacteriums__Faecalibacterium_prausnitzii

yes

165.249

0.0026

PWY.621..sucrose.degradation.lll..sucrose.inve
se..g_Bifidobacteriums__Bifidobacterium_denti

um

yes

577.1506

0.0016

PWY.6277..superpathway.of.5.aminoimidazole
bonucleotide.biogthesis.g_Blautia.s _Ruminoc

occus_gnavus

yes

146.3629

0.0029

PWY.6385..peptidoglycan.biosynthesis.lll..myc

acteria..g_Blautia.s__Ruminococcus_gnavus

yes

146.0853

0.0030

PWY.6386..UDP.N.acetylmuramoyl.pentapepti
biosynthesis.ll..lysine.containing.. Blautias

Ruminococcus_gnavus

yes

159.5831

0.0028

PWY.6387..UDP.N.acetylmuramoyl.pentapepti
biosynthesis.l..meso.diaminopimelate.containin

g_ Blautias__Ruminococcus_gnavus

yes

159.868

0.0025

PWY.6527..stachyose.degradation.Blautias

Ruminocacus_gnavus

yes

173.832

0.0029

PWY.6609..adenine.and.adenosine.salvage.lll,

Blautia.s__Ruminococcus_gnavus

yes

171.398

0.0016
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PWY.6700..queuosine.biosynthesis.Blautias_ | yes 110.115 | 0.0026
_Ruminococcus_gnavus

PWY.6737..starch.degradation.V.dlautia.s_ R | yes 167.253 | 0.0018
uminococcus_gnavus

PWY.6936..seleno.amino.acid.biosynthesisiB | yes 120.057 | 0.0025
autias__Ruminococcus_gnavus
PWY.7199..pyrimidine.deoxyribonucleosides.si yes 133.736 | 0.0026
age.g_Blautias__Ruminococcus_gnavus
PWY.7219..adenosine.ribonucleotides.de.novo, yes 182.6095| 0.0026
osynthesis.g Blautia.s__Ruminococcus_gnavus
PWY.7220..adenosine.deoxyribonucleotides.dq yes 277.0192| 0.0027
vo.biosynthesis.ll.g_Blautia.s__Ruminococcus_(

navus

PWY.7221..guanosine.riboicleotides.de.novo.bj yes 141.313 | 0.0024
osynthesis.g Blautia.s _Ruminococcus_gnavus
PWY.7222..guanosine.deoxyribonucleotides.de yes 277.019 | 0.0027
vo.biosynthesis.ll.g_Blautia.s__ Ruminococcus_(

navus

PWY.7229.superpathway.of.adenosine.nucleot| yes 204.081 | 0.0026
s.de.novo.biosynthesis.l.gBlautia.s__Ruminoco

Ccus_gnavus

PWY.7357..thiamin.formation.from.pyrithiaming yes 151.121 | 0.0026
and.oxythiamine..yeast..gBlautia.s__Ruminococd

Cus_gnavus

PWY.7400..L.argime.biosynthesis.IV..archaebg yes 154.296 | 0.0030
teria..g_Blautia.s__Ruminococcus_gnavus
PWY0.1296..purine.ribonucleosides.degradatiq yes 161.093 | 0.0014
__Blautia.s__Ruminococcus_gnavus
PWY0.1319..CDP.diacylglycerol.biosynthesis.l| yes 137.669 | 0.0031
__Blautias__Ruminococcus_gnavus
RHAMCAT.PWY..L.rhamnose.degradation.l.g_| yes 149.167 | 0.0026

Blautia.s__Ruminococcus_gnavus
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RIBOSYN2.PWY..flavin.biosynthesis.l..bacterig yes 167.321 | 0.0025
nd.plants..g_Faecalibacteriuns__Faecalibacteri

um_prausnitzii

THISYNARA.PWY ..superpathway.of.thiamin.di| yes 144.268 | 0.0027
hosphate.biosynthesis.lll..eukaryotes. Blautia.

s__Ruminococcus_gnavus

TRPSYN.PWY..L.tryptophan.biosynthesis.@la | yes 173.449 | 0.0018
utia.s__ Ruminococcus_gnavus

ILEUSYN.PWY. L.isoleucine.biosynthesis.l..fro| yes 163.440 | 0.0034
m.threonine..g_Blautias__Ruminococcus_gnav

s

PWY.7111..pyruvate.fermentation.to.isobutano| yes 199.953 | 0.0034
ngineered..g_Blautia.s__Ruminococcus_gnavus
PYRIDNUCSYN.PWY..NAD.biosynthesis.fro | yes 129.144 | 0.0035
m.aspartate..g Blautia.s _Ruminococcus_gnavd 2
PWY4FS.7..phosphatidylglycerol.biosynthesis.| yes 119.961 | 0.0036
lastidic..g_ Blautia.s__ Ruminococcus_gnavus 4
PWY4FS.8..phosphatidylglycerol.biosynthesis.| yes 119.961 | 0.0036
non.plastidic..g_Blautia.s__Ruminococcus_gnay 4

us

PHOSLIPSYN.PWY..superpathway.of.phosphg yes 128.775 | 0.0037
pid.biosynthesis.l..bacteria..gBlautia.s__ Rumin 1
0COCCUS_gnavus

VALSYN.PWY..L.valine.biosynthesis.g Blautia | yes 160.932 | 0.0039
.S__Ruminococcus_gnavus 8
PWY.7220..adenosine.deoxyribonucleotides.dq yes 120.3413| 0.0044
vo.biosynthesis.ll.g_Faecalibacteriuns__Faeca 1
libacterium_prausnitzii

PWY.7222..guanosine.deoxyribonucleotides.dq yes 120.3413| 0.0044
vo.biosynthesis.ll.g_Faecalibacteriuns__Faeca 1

libacterium_praisnitzii
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PWY.7242..D.fructuronate.degradation.gaecal | yes 120.7312| 0.0048
ibacteriums__Faecalibacterium_prausnitzii 1
GALACTUROCAT.PWY..D.galacturonate.degr{ yes 129.3251| 0.0054
dation.l.g_ Faecalibacteriuns__Faecalibacteriu 4
m_prausnitzii

PWY.6507..4.deoxy.L.threo.hex.4.enopyranurg yes 114.3616| 0.0055
e.degradation.g Faecalibacteriuns__Faecaliba 4
cterium_prausnitzii

PWY.6897..thiamin.salvage.ll.gFaecalibacteriu| yes 100.8492| 0.0060
m.s__Faecalibacterium_prausnitzii 8
PWY.5177 glutaryl. CoA.degradation.g Faecali | yes 143.8907| 0.0064
bacteriums__Faecalibacterium_prausnitzii 3
PWY.5695..urate.biosynthesis.inosine.5..phosp yes 102.5299| 0.0071
e.degradation.g Faecalibacteriuns__Faecaliba 1
cterium_prausnitzii

PWY.6737 starch.degradation.V.gFaecalibacte| yes 183.4145| 0.0074
rium.s__Faecalibacterium_prausnitzii 8
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Figure4.6: A. Bar plot depicting percent contributioof each of the detected phyta
abundance of CAZymes important for HMO, GOS and FOS degradation in infants. The
plot presents th@ercent digibution for each phyla for legransformed abundanaé

each time point for all the thregroups VDnoab, CSnoab and CSaB. Pathway
abundane data for unstratified pathways as detected frtdtMANN3 was categorised

into higher MetaCyc pathways, represented using Complextigain R. cpom abundance

was logtransformed, and significant difference in abundance between the groups was
calculated usig Wilcoxon test wih VDnoab group as reference:vBlues < 0.05 are
considered significant. C. PCoA plot using B«@yrtis distance for stratified pathway
abundance data frorlUMANN 3; showing distinct clstering of CSab from the other two

groups
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4.5 Discussion

Previousstudies have reported that changes in dddygut microbiota composition are
influenced by several factors including delivery mode, feeding habits and antibiotic
exposureln this study, antibiotic exposure in early life and moddadiverywere seen

to influence microbial diversity and richness and influence microbial diversity between

samples longitudinally, with antibiotexposuréhaving the greatest effect.

Similar to previous reportsa stronger association and higher prewerof
Bifidobacteriumand Bacteroidetesvere detectedn vaginallydelivered infants, while
CSborn infants had higher abundance of potential pathogens inclashtegococcus

spp and species dEnterobacteriaceg®eyman et al., 2019; Shao et al., 2019; Backhed

et al., 2015; DomingueBello et al., 2010; Alderberth at., 2006). C&orn infants are

more prone to negative health outcomes such as allergy, asthma, obesity, and diabetes
GHYHORSPHQW LQszewskd-i UZ OLNHHWaD O al., D8).GZHOC
Additiondly, colonisation patterns of Cifants with bacteria belonging to the category

of ESKAPE pathogens is of concern as most bacteria in this group are MDR and are
known to act as potential pettgens or are pathobionts (Ma et al., 2020; Santajit and
Indrawattana, 2016); thus making any futuristic treatments more difficult to curtail in later
life. The source of these species amgirt pathogenic potential in @%rn infants should

be examined thelp restore the gut microbial community and develop new and-better
suited therapeutic approaches. Further, mBifiglobacteriumand Bacteroidetesspp.

showed lower or delayed colonisation in-8&n infants, with a pronounced effect in the
CSab group, wikch is analogous to previous reports (Backhed et al., 2015; Dogra et al.,
2015; Jakobsson et al., 2014), excepBifidobacterium dentiurwhich was seen to have

high relative abundance in the CSab group. Recent studies haveBhadsrtiunin high
abundnce in infants belonging to the intrapartum antibiotic prophylaxis (IAP) group
(Saturio et al., 2021) or those fed witbnorbreast milk (Arboleya et al., 2020); our result
showing highB. dentiumn the CSab group is in agreement with these reporttuaiier

studies are needed to understand the advantageous growth of this spp. uogénslb
circumstances. The beneficial and protective roleBifidobacteriumand Bacteroidetes

in the infant gut, such as fermenting HMOs, maintaining barrier funcéohancing
immune responses, colonisation resistance and competing for nutrients against pathogens
are well established (Zafar & Saier, 2021; Saturio et al., 2021; Tamana et al., 2021;
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Decreased colonisation of these beneficial taxa is associated with adverse ostedmes

as necrotisingnterocolitisand lateonset sepsis (Dobbler et al., 2017; Patel and Denning,
2015); thus demanding further attention for studies in infaois by CS and exposed to

antibiotics.

Further, an increase in diversity from wekko week4 only in CSab but not in CSnoab

and VDnoab groupsvas observedemphasising the negative effect of antibiotics on
microbial diversity in early lifeA diverserange of ARGs and MDR bacteria was detected

in all three groups, with decreasing ARG diversity seen over time. The most common
antibiotic classes observed were MDR, which includes resistance to penams,
fluoroquinolones, peptides, aminocoumarin, aminogdiges and tetracyclines. This is

in line with many reports suggesting the infant gut microbiota is a reservoir for ARGs
(Tapiainen et aJ 2019; Parnanen et.a2018; Moore et al., 2015). The top abundance of
ARGs was detected ifescherichia Klebsiellg Enterobacter Bifidobacterium and
Raoultellaand other Proteobacteria and Firmicutes species, with the highest association
of antibiotic classes to the CSab group. Our findings are consistent with previous studies
that report high abundance of ARGs in gaVéaxa belonging to Gammaproteobacteria
(Lebeaux et al., 2021, Gasparrini et al., 2019; Casaburi et al., 2019; Parnanen et al., 2018;
Bailey et al., 2010). The CSab group also showed the presence of ARGs and stronger
associations with classes of antilstadministered to the infants in this group, clustering
separately from the rantibiotic groups, further pointing towards the fact that antibiotic

exposure contributed to ARG abundance more than delivery mode.

This study found a higher frequency of ARfB the CSab group, followed by CSnoab

and VDnoab group, primarily due to this group's antibiotic exposure in early life. This
can be attributed to the fact that several commensals and pathobionts harbour a set of
ARGs, which could benherited or transieed by horizontal gene transfierthe highly
populated environment in the gut. Additionally, the use of antibiotics in early life alters
the microbial composition and results in the selection of bacteria whose ARG reservoir
includes genes capable of cerring resistance to the class of antibiotic in question. These
pathobionts can switch to their opportunistic pathogenic side and can lead to infections
that are difficult to treat due to the plethora of ARGs they contain. Disturbed microbial

colonisationdue to delivery mode and early antibiotic exposure can lead to colonisation
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by more hospitahcquired strains, which would mean lower colonisation of strains from
the mother. These nosocomial strains are enriched with a diverse resistome profile (Wu
et al, 2022, Sukhum et al., 2022; Raplee et al., 2021; Lerminiaux et al., 2018).
Furthermorethe high frequency of ARG$ound in this studyvas associated with their

high abundance in Proteobacteria. Increased abundance of specific taxa in this group
(such assomeKlebsiella Enterobacter Raoultellaspecies) is reported to be associated
with several functional variations and difficuti-treat infections (Bradley and Pollard.,
2017; Litvak et al., 2017; Pammi et al., 2017; Shin et al., 2015). Establishmsunthof
strains from infancy in the gut can lead to complications in treatment in later life; thus,
highly regulated antibiotic stewardship programmes are necessary along with probable
therapeutic administration of probiotics where possible. Further, dtigetstringent
parametersisedto define a strain we were able to examine persistence of resistance in
the strains, and observed that the top 10 strains per class and group showigtevtery

no persistence up to twgears of age. MoreoverBifidobacteriun strains and
Bacteroidetestrains were observed be major persiste, which sustain up to two years

of age.

Though overall GH abundance was highest in the VDnoab group and lowest in the CSab
group at weelt and weeld, this difference was not prominent when selective GH related

to HMO, FOS and GOS enzyme families were considered. This could be because
functions like HMO degradation are essential and redundant in early life and colonisation
is not solely dependent oedding habits, mode of delivery or antibiaiqosure While
BifidobacteriumandBacteroidesre recogrsed as proficient HMO degraders (Marcobal

et al., 2011; Kunz et al., 2000), their scarcity or-eaistence in infants does not negate

the critical rée of HMO degradation, which can still be performed by other bacterial
species present in these infaligrthermorea strong association périnatal factors such

as antibiotic treatment with aromatic compound degradation pathways, amino acid
biosynthess, cofactor and coenzyme biosynthesis, nucleotide biosynthesis (both purine
and pyrimidine), and carbohydrate degradation pathwags observed Similar
associations such as an increase in nucleotide biosynthesis pathways, and carbohydrate
degradation, werreported earlier in antibioticeated groups (Vanni et al., 2021; Chu et

al., 2017). Such changes in metabolic potential can affect children's health in later life,

and detailed studies will help understand these changes and their influence.
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Some stregths ofthis study include examining several factors such as delivery mode,
antibiotic use in early life and age on the dynamic nature of microbial colonisation pattern
with read and assembipased approaches using shotgun sequencing. We also inspected
and observed the taxa in infants that act as persisind colonise the gut up to ty@ars

of age from early lifeThis study was limited due to a small cohort of 45 infants, and
limited sample numbers between time points. Further, clinical metadatailoibtnt
exposure relating to all time points of sample collection or similar data from the mother
was missingwhich narrows down the hypothesis tlzauld be validated in the study.

Thus, future studies with detailed clinical metadata rawode time pointswith smaller
intervals will help unfold the complex relationship between study variables, microbial

and resistome profile and functionality of the microbiota.

In conclusion, this studhighlights the effects of antibiotic exposure in early life and
mode d delivery on infant gut microbiota in a longitudinal settidgtibiotic exposure

in early life has a stronger influence over the type and order of microbial colonisation in
infants in early life than delivery mode. Such disturbed colonisation, alongwitrerse
resistance reservoir impacts the functional capability of the infant microbiota; including
but not limited to the impairment that can be caused to other crucial functional capacities
such as colonisation resistance, metabolism, maintainingegurigability and a healthy
immune response. Thus, more studies with larger cohorts are needed to better understand
ARGs' persistence and impact on microbial functional capability with more certainty.
Moreover, new alternatives/strategies need to be dewklape used where needed to
restore the microbial ecosystem, maintain a healthy microenvironment, restore their
functional powers and reduce the use of prophylactic antibiotics during the crucial infancy

stages
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Figure S1.1:

Figure $1.1: A. Microbial diversity of the infant gut as measured using Stradiversity
index between all thregroups at each timpoint in our study. B. Relative abundance
plot showing phylum level distribution in all the study groups at each piom.

Figure 31.2:
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Figure S1.2: A. Beta diversity using unweighted Unifrac distance as depicted using PCoA
at each time point. B. Plots shows differential abundance analysis using Songbird with
CSnoab group as reference run using the forr@g@roup, Treatment('CSnoab'Blot

on the left side corresponds to VDnoab group as treatment while that on right depicts
CSab group as treatment against the reference group. In both cases negative value (Blue
bars) represertheassociation to the reference group (here CSnoab) while positive values
(red bars) represetiteassociation to the treatment group; here VDnoab (oplie) and

CSab (right side plot). C. Percent variance for each time point plotted using R2 values as
generated from PERMANOVA for Antibiotic and Mode of delivery variables in the study

using unweighted Unifrac distance.

198



Figure 31.3:
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Figure &1.3: All antibiotic classes as detected using R¢le used to plot heatmap in R
depicting correlation of each group to AMR classindancat A. Overd, B. weekl and
C. at week4. Pvalues < 0.05 were considersgynificant and were generated using
Wilcoxon test with VIhoabgroupas reference.

Figure 31 .4:

Figure S44. A. Beta diversity computed for ARG distribution from RGI using Bray
Curtis distance metrics and plotted using PCoA shows distinct clustezimgeen 1.
Groups, 2. Samples based antibiotic exposure in first foudays of life and 3. study
time-points. B. Plot showing top 10 genera possessing highest almenddARGs as
detected using ABRate.

Figure $1.5:
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Figure $1.5: Persistence of all unique strains as observed from inStrains. Right side of the
plot depicts abuance of ARGs as detected by AB&e in the form of heatmap. Left

side of the plot depis persistence of strains tgtwo years of age. The strains are colour
coded based on the phylum which theyong to, as detected by GTDB.

Supplementary tables:

Table $1.1: Table shows coefficients obtained by running differential abundance analysis

using Songbird with C&ab group as reference run using the form{&roup,

Treatment('C8oab"))

featureid C(Group, C(Group,
Treatment('CS_noab'"))[ Treatment('CS_noab"))[T.
T.CS_ab] VD_noab]

s_Bifidobacterium_adolesc( -0.461624786 -0.44888641

tis

s_ Bifidobacterium_pseudoq -0.376452371 0.334038301

tenulatum

s_Bifidobacterium_kashiwa| -0.319553137 0.823212488

ohense

s__Bacteroides_vulgatus -0.304268077 0.513280137

s_ Veillonella_seminalis -0.29253386 -0.280086697

s_ Bifidobacterium_longum

-0.285144448

0.768663629

s_ Parabacteroides_distaso

S

-0.264707908

0.119381948

s__Bacteroides_dorei

-0.243102014

0.363738581

s__Staphylococcus_epiderm

is

-0.239515215

-0.04300128

s_ Collinsella_aerofaciens

-0.227144569

0.618961438

s__Escherichia_coli -0.218357757 0.41331832
s__Staphylococcus_hominis| -0.188115552 -0.132084594
s_ Veillonella_atypica -0.185183957 0.0767114

s__Streptococcus_parasang

nis

-0.185049698

-0.192258553
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s__ Clostridium_perfringens

-0.173089847

-0.374569745

s__Ruminococcus_lactaris

-0.146253064

-0.169122056

s__ Clostridium_paraputrificu

m

-0.141725525

-0.278720648

s_ Veillonella_dispar

-0.140300497

-0.192313359

s__Roseburia_faecis

-0.139978066

-0.110566572

s__Eubacterium_hallii

-0.139586702

-0.012941704

s_Dorea_longicatena

-0.118079945

-0.164423929

s__Roseburia_inulinivorans

-0.116796508

-0.209173308

s__Fusicatenibacter_sacchal -0.091681316 -0.032283531
vorans

s__Ruminococcus_bromii | -0.073511198 -0.13761212

s__Bacteroides_ovatus -0.060816064 -0.101639614
s__Flavonifractor_plautii -0.056162164 -0.210859493
s__Ruminococcus_torques | -0.046746746 -0.085351364
s__Bacteroides_uniformis | -0.03068395 0.068745299
s__Akkermansia_muciniphilg -0.027762488 -0.154325889
s__Eubacterium_eligens 0.046054617 -0.109816806
s__Erysipelatoclostridium_rg 0.06502445 0.209913655

mosum

s_ Klebsiella_variicola

0.073789433

-0.26101406

s_Lactobacillus_paragasse

0.111511782

-0.180475161

s__Streptococcus_salivarius

0.125989512

-0.155585305

s__ Clostridium_innocuum

0.126462594

-0.117592559

s_ Blautia_wexlerae

0.12969543

0.108885272

s__Streptococcus_vestibulal

0.13077648

-0.109347896

s_ Bifidobacterium_bifidum

0.156286195

0.518355413

s__Anaerostipes_hadrus

0.175960198

0.089932545

s__Eubacterium_rectale

0.212511137

-0.119487659

s__Bacteroides_fragilis

0.24164857

0.090509995

s__Ruthenibacterium_lactati]

rmans

0.251872912

-0.220478044
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s_ Veillonella_parvula

0.300057068

0.290145083

s_ Klebsiella_pneumoniae

0.315716937

-0.316212238

s__Faecalibacterium_prausn

Zii

0.315744594

-0.010124699

s_ Bifidobacterium_breve

0.408126071

0.731155856

s__Enterococcus_faecalis

0.50914903

-0.409636241

s__Ruminococcus_gnavus

0.588117793

-0.232703791

s__ Bifidobacterium_dentium

1.009432629

-0.566254036
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5 Chapter5

5 Global antibiotic resistance gene prevalence in infantsA

meta-analysis
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5.1 Abstract

Antibiotic resistance is a growing global concern with scientific evidence showing high
abundance of antibiotiesistance gen€¢8RGs)in all environments including the human
gut. With increasing indications of ARGs in infantge aimed to achievea global
representation of antibiotic resistance during early Afe extensive literature search on
NCBI was performedand 26 studiesvere selected including infart fecal samples
sequenced upto three years of age. The 37 MAGs (Metagenome
Assembledsenomé@ generated from paireehd shotgun sequencing reads were used for
resistome analysis using RGI witCARD (Comprehensive Antibiotic Resistance
Databasg By screeninghe MAGs generated from 26 publicly available study samples
the distribution of ARGs across the glovas found to baimilar compositionallywith
varying diversity. Tie composition andrelative abundanceof ARGs varies by
socieconomic status antlehealthcare accessd quality (HAQ)ndex across the globe
with countries having lower so@oonomic index and lower HAQ index showing lower
ARG abundance Gramnegative genera includingescherichia, Enterobacter,
Citrobacter, and Klebsiellawere carriers othe most abundant ARGs which included
classes that belong to reseréastresort) categoriessuch as glycopeptides,
fluoroquinolone sulphonamides, macrolides, tetracyclin@sdirect correlation with
decrease in ARG abundance with time as ifaigevas also detecteMany ofthehigh
ARG abundant speciesbserve are weltknown pathobionts in early life. Highly
abundant and divers®RGsin their genomes points towards the infant geting as an
ARG reservoir. This is of concern and further studies are neededatoire its

consequences on lostgrm health.
Keywords: meteanalysis, ARG reservoir, infant gut, resistome

5.2 Introduction

Early life gut microbial colonisation has been saafiextensively, thanks to the
advancements in metagenomics sequencing technologies. Increasing advances and
decreasing costs have resulted in several studies identifying and establishing the role and
importance of earhife gut microbiota colonisation irhealth, innate and adaptive
immunity development, and disease development in later life (Zhuang et at. Y2010

et al., 2016;Fouhy et al., 201;9Derrien et al., 2019)infant gut microbiota is highly
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dynamt and stabilises by the age of thgears. Inthe past decade, several studies have
delineated the effect of factors such as mode of delivery, feeding habits, gestational age,
environmental factors, and antibiotic consumption on dddymicrobial colonisation
(Tapiainen et al., 2019; Fouhy et a&019; Hill et al.,, 2017;Martin et al., 2016).
Antibiotics are among the most frequently prescribed drugs to infants, with studies
reporting frequent and prolonged antibiotic use and misuse in neonates and children
prophylactically and foprecisereasos (Prusakov et al., 2021; Fink et al., 2020). Several
adverse effects, including altered initial gut microbial colonisation, which increases the
likelihood of allergic and metabolic disorders in later life (Patangia et al.,a022
accompany the lifsavingbenefits of antibiotics. The worst adverse outcome of antibiotic
use is antibiotic resistance developmamiong the gut microbiotavhich is considered a
global threat and is responsible for the deathhundreds of thousands of people each
year (Antimigobial resistance collaborators., 20¥2H0O., 2014 reportAminov., 2010);
reported to reachn estimate of 10 million lives at rigly 2050unless solutions are found

(2 Neill., 2016).

The number of studies reporting the presence and source of aotie&istance genes
(ARGS) in infants has increased drastically due to the dire situation creatsid Gy
increasing spread, abundance and ubiquitous néR@eent studies have shed light on
ARG abundance and the extent to which several factors affectibndance (Parnanen
2022, 2018; Gasparrimt al., 2019Casaburi et al2019. Studies have demonstrated a
high abundance of ARGs in infants irrespective of antibiotic exposure; making the infant
gut a reservoir of ARGs (Klassert dt, 2020; Tapiainen et al., 201Nogacka et al.,

2017 Yassour et al., 20)6This is a serious concern as ARGs can be transmitted within
bacterial communigs by horizontal gene transfehe possibility of which is high in a
densely populated environment suchttees gut. Furthermore, ARGs can be transferred
between bacteria from different species by mobile genetic elements and, in some cases,
from antibioticproducing bacteria using conjugative meth@tlang et al., 203, Hu et

al., 2016;Gosalbes et al., 2018roaders et al., 20)3The use of antibiotics in infancy
disturbs the microbial composition, results in high antibiotic resistance, and can positively
select for taxa with a high abundance of ARGs. Studies have further reppattbddteria
belonging to @mmaoroteobacteria have the highest abundance of ARGs (Lebeaux et al.,

2021; Parnanen et al., 2018; Hu et al., 2013); notably, several taxa within this group are
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pathobionts or potential pathogens. Infants can also acquire antilgigistant strains
from mothers through vertical transmission (Patangialet2022h. These resistant
bacteriancrease the chances of diseassulting in hardeto-treat infections in later life,
increase the cost of medical care and can result in mort&@if}éill., 2016 Aminov.,
2010.

Reports othepresence and persistence of ARGHmantibiotic naive infant gut suggest

the complex nature of this issue. And it is acknowledged that factors such as antibiotic
exposure, age of life, feeding habits and mode of dglial impact microbial
composition and therefore impact the resistome profile (Panri2z022, 2018Gasparrini

et al., 2019; Casaburi et al., 2019Geographic location is another factor affecting
microbiota development, but not many reptidse studiedhis factor and its association

to the infant gut ARG profile. We hypothesise that this ARG reservoir could possibly
update as the infant grows due to the varying environmental factors, which can add to the
repertoire. We thus sought to perform a matalysis by selecting studies that include
shotgunseqiencing data for infants under thrngears of age. We exined the effect of
geography mode of deliveryage socieconomic status, healthcare access and quality
index (HAQ) on thanfants'resistome profé, and providea comprehensive picture of

the global ARG burden itheinfant gut. Such monitoring will provide a representation

of the global ARG pool in infantsn early life and help strategisantibiotic use and its

alternatives.
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5.3 Methods

Figure5.1: Diagrammatic representation of the study design delineating the inclusion and
exclusion criteria for studies included in the matelysis.The igure was created using

Biorender.

5.3.1 Publicly available data selection and retrieval

PubMed database using BCwas searched to identify studies including shotgun
sequencing data generation/analysis in the year 2020. This search was restrioted up
June 2020 and was carried out using the following combirsatibkeywords SDQWLELR W |
DQG LQIDQW PHWQUIH@QWPIX¥W PLFURELRPH DQG DQWLE
LQIDQW JXW PLFURELRWD DQG 3PRWKHU DQG LQIDQW
was limited tothe English language and peeeviewed papers (Figurgl). 26 papers
matching thanclusion criteia with available metadata wetleus selected, resulting

6122 sampleswhich were matched to the metadata from each paper. The metadata
extracted from each paper includelidery mode, infant and maternal antibiotic
information, day of life of sampleollection, gender, accession ID and country of study.

The shotgun sequencing data for the 6122 samples was downloaded using NCBI SRA by
matching the accession IDs published for each study using Prefetch.GasiggS Z+ WK 3
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splitt = TURP 65% W R R)OWs tiven useH to convert tlewnloaded SRA files
to pairedend FASTQ files.

5.3.2 Data processing and antibiotic resistance analysis

FASTQ files were first trimmed and filtered to remove any hummast contamination
(Homo sapies database) using Kneaala (v0.7.2) witldefault parameters. The quality
controlled reads were then concatenated and used for taxonomic and functional
characterisation usingUMANN3 (v3.0) andMetaPhlAn3 as pa of theHUMANN3 run
(Beghini et al., 2021)

Using the publicly avaDb DEOH GDWD IURP VWXGLHY DQRWKH
32,277 metagenomassembled genomes and over 80 million genes from thelgarly
KXPDQ JXW P LwadpubisiRe@ddniget al., 2022 attached as appendix to the

thesig. The earlylif e gut geome MAGs generated aart of this study are also available

online and are used in this study for resistome analysis. To examine the ARG profile
globally in the infant gytRGI main (v6.0.0with CARD (Alcock et al., 2020yvas used

using default parameteR Q WKH 0$*V DQG FRQVLGHUHG RQO\ 3SHI

further analysis.

5.3.3 Bioinformatics and statistical analysis

Results from RGI were either used directly as count/richness of ARGs/antiltesses

per MAG or after normaliag to copies per million (cpm)he information abouthe
socioeconomic statuses of countries was sourced from the World Bank
(https:/www.worldbank.org/en/hojewhile HAQ index data was sourced frdaBD

2016 Healthcare Aass ad Quality Collaboratorsteal. (2018 and the data for each
country includedn this study is summasl in Table5.1. Downstream processing of the
resultsalong with visualisation was performed in R using several packages including
ggtree, maps, ggplot2,otplexHeatmap, vegan asdatterpie. Statistical analysis was
perfomed in R using packages includipgirwiseAdonis, ggpubR and ggsignify.

Table5.1: Table showing summary of socioeconomic status and healthcare access and
quality index for the year 2016 for each countrgluded in the analysis.
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Country Low-middle or High| Healthcare access and qual
income (World bank (HAQ) index +for 2016, absolutg
classification 2016) change from 200Q@016

Bangladesh Lower middle 47.6(44.350.9), 20.1 (16.23.8)

Estonia High 859 (836 to 88-3), 14-3 (11-8 tq

17-0)

Finland High 95.9 (94-6 to 96-9), 8:1 (6:7t0 95

Italy High 94-9 03-4t096-0),6-1 (4-7t0 7-4

Luxembourg High 96-0 94:4t097-3),5:7(39to 74

New Zealand High 92:4 (90-3t0 94-3), 54 (3:1to 7-4

Russia Upper middle income | 75-1 (67-7 to 81-7), 12:6 (50 t

19-4)*
Singapore High 90-6 (87-2 to 93-3), 109 (71t
14-8)*

Sweden High 95-593-4t097-2),3:1(1-0to 50

UK High 90-5 (89-6 to 91-3), 6-§5-9to 7-2)

USA High 88-7 88-0t0 89-4),1-9 (1-4 to 2-5)

5.4 Results

This metaanalysis dataset included 2&udies altogether, comprising@ very
comprehensive dataset. Theetaanalysis included studies conductsttoss the globe
including North America (242dfantg, theUnited Kingdom (1519)New Zealand (646),
Europe (1162)Asia (70) and Russia (305), spamg fourcontinents. Of the 6122 infants
included in the metanalysis, 2685 (43.85%) webbernby Caesareasection birth mode
and 3427 (55.97%) were vagihadlelivered with no information about 10 (0.16%). Other
variables considered includiee soci@conomic status of the country athe Healthcare
Access and Quality (HAQ) indeXheHAQ index obtainedn a scale of 1 to 100 able

211



5.1) was then transformed ito the following categories: very low/below (<=50),
low/below (<=80) and above (>8@esistance to several antibiotic classes belonging to
each of the AWaRe classes as classifiedth®y World Health Organisation{HO)
including glycopeptide fluoroquinolme, tetracycline, aminoglycosides, rifamycio

name a few along with mutrug resistanc@MIDR) was observed

5.4.1 Global antibiotic resistance distribution in infants

Of the 6122 infants included, samples corresponding to 5886 infantend&ated
resistance to aeast oneantibiotic class and were iluded for downstream analysighe
presence of 102 different classes of antibiotics including seM@& classes using RGI
with CARD were detectedThe MAGs ARG abundance datas normalisdto copies

per million (cpm) and filter@ to include ARG classes havimgean abundance of more
than five and representexs a Heatmap (Figuré.2). Resistance to several antibiotics
including glycopeptles, peptides, fluoroquinolonetetracyclines, maolides and
rifamycin was seern all countries. To gain a modetailed understandinghetop five
most abundant antibiotic classes per counivgre examined(Figure 5.3) and
glycopeptide wadound to bethe most abundant ARG class and was present in all
countries except Singapore. The other ARGat are seein all countries provided
resistance to fluoroquinolone antibiotic, and a MDR class (which confers resistance to
fluoroquinolone, cephalosporin, glycycline, penam, tetracycline, rifamycin, phenicol
artibiotic, disinfecting agents and antiseptics). @tblasses observed in the top fare
aminocoumarin, macrolide & fluoroquinolone, rifamycin, tetracycline, phosphonic acid
antibiotic, fluoroquinolone & tetracycline, and peptide antibiotic. Furtherratieis of
each pie corresponds to the total ARG abundance and countries like Luxentbeurg,
USA, andthe UK show very high ARG abundance.
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Figure5.2: Heatmap demonstrating all the classes of antibiotics per country wivieh ha
meanabundance as more than fiyem. Columns in the heatmap represent country while

rows represenantibiotic classes with top row annotation showing continents. Some of

the antibiotic classes are abbreviated in the heatmap as follows: AMG =
SDPLQRJO\FR¥LGCWHWUDF\FOLQH" 5),) SULIDPSLQ™ )4
'$3 S3GLDPLQRS\ULPLGLQH ™ 61 3VXOIRQDPLGH DQG ¢

Figure5.3: World map showinthetop fiveantibiotic resistance classes per country while
WKH UHPDLQLQJ FODVVHV DUH UHSUHVHQWHG RV 3RWI
abundance depicted is normalisto cpm. The radius of each pie corresponds to the

square root of square root of ttmeal ARG abundance per country.

5.4.2 Most abundant ARG classes are carried by grarmmegative bacteria

Next, we examined the top 20 species globally that carry the highest ARG abundance,

and found thathe majority of these species are graragative bacteridqgure5.4). Both
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by normaligng the data to cpm and by using raw count datailar resultsvere seefn
that species belonging to the gendacillus, Citrobacter, Enterobacter, Erwinia,
Escherichia, Haemophilus, Klebsiella, Pseudomoraasl Salmmdla carry high
abundance of ARGFurther inspecing the top fivespecies per country carryirthe
highest ARG abundance (Figures. showed that species belonging to genera
Escherichia, Enterobacter, Klebsiellaere in this category for most countries while
species belonging to gendtaeuwloescherichiandBifidobacteriumwvere present in some

countries like New Zealand, Bangladesh and the UK.

Figure5.4: Pie chart representee top 20 species that carry highest ARG alanue
globally in infants undethreeyears of ge using A. abundance normalésto cpm and
B. raw countsWith theremainedRI WKH FODVVHV UHSUHVHQWHG DV
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Furthermorewe sought to examine the top fireost abundant AR classes per country
and the species carrying those clagbégure5.5). The most abundant ARG classes and
genera results were complimentary ttee above results, with the top fivapecies
belongng to the generaBifidobacterium Citrobacter, Erysipelatoclostridium,
Escherchia, Pseudomonaand Staphyl@occusand AR classes being glycopeptide,

fluoroquinolone, tetracycline, rifamycin among others along with MDR.
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Figure5.5: Bar plot showghe top five antibiotic resistance classes per country and the speciesngatingn. The ARG abundance is
normalisd to cpm.
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5.4.3 Antibiotic class abundance and diversity vary by country, continent,
sociceconomic status and HAQ index
The relation between ARG class abundance and age of infants in psmtibeconomic
statusand the healthcare access and quality (HAQ) indag assessed (Figusst).
Significant differences in the abundance of ARG classes: found,based on these
variables as measured Hye Wilcoxon test. As a general trend, higher abundance of
ARGs was sen in very early life which decreased with tirfleigure 5.6A), and a
significant pvalue showing direct correlation waeen(p-value=2.2e16, spearman
correlation). Wile thelowest ARG abundance was observed in countries corresponding
to very low HAQ inax (Figure5.6B), nosignificant correlation between ARG abundance
and HAQ index using spearman correlatisas observedp=0.09) Furthemore the
ARG abundance aR YDULHG E\ W K Hecbr®dXiQ $tatuis fo/whdR e RIAQ
index is associated; wilbwer- and middleincome countries having low HAQ and thus

lower ARG abundance.
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Figure 5.6: Box plot depicting the association betweetog of ARG abundance as
normalied in cpm to A. Age in monthB, Heatmap showing p.adj values obtairfieom
Wilcoxontest comparing twdme points, with the formularg_abundance ~ monthth
ggpubr package in RBBox plot showingthe association between lognsformed ARG
abundance normaésl to cpm and GHealthcare access and quality (HAQ) index D
the socieconanic status of countries. Significanceasvdetermined using the ggpubr

package in R using Wilcoxon test.

To undertand the relationship between antibiotic resistaclass dversity and study
variablesalpha and beta diversity analysias performedAlpha diversity analysis using
6KDQQRQYNV LQGH[ IRU HY pr€séntédthat BoQrBiesUindiudiogH V V
Luxembourg andingapore have high ARG abundance with ieaxiance(Figure5.7),

while countries such as the UK, USA and Italy show high relativaddnce and high
variance irthe Shannon diversity indexBetween country alpha diversity usiBgannon
index is significantly different between Luxembourg, Singapore and all other countries
and for the UK andhe USA to the majority of other countriegp-values usinghe
Wilcoxon test: Table 51).

Figure5.7: Box plots show alpha divaty analysis on cpm normaéid AR abundance
GDWD XVLQJ 6KDQQRQYV LQGH]

219



Beta diversity analysigFigure 5.8) using Jaccard distancedong with Adonis and
pairwiseAdonis tesin R confirmed that variables such as satonomic status of the
country(p-value=0.001) continent(p-value=0.001) healthcare access and quality index
(p-value=0.00]) have a significant impact on the AR class dsty in infants inearly
life. PairwiseAdonis test in R confirmed significant ckrgtg based on HAQ index,

socieeconomic status and continent pairs exéepAsia and Europe (Tabk2).

Table5.2: Results from PairgeAdonis test in R showingymalue and p.adjusted values

for comparison for beta diversity analysis.

HAQ category

F.Model
5.218574

R2
0.00184

pairs Df | SumsOfSqgs

1.177258

p-value
0.002

p.ad sig
0.006 |*

verybelow vs| 1
below

verybelow vs/ 1 |0.809732 |3.972389 | 0.001284| 0.014 | 0.042

above

below vs above 1 | 9.47106 44.24523 | 0.007512| 0.001 | 0.003 |*

Status

middle| 1

income vs high

Lower 1.042999 |4.95991 | 0.000884| 0.002 |0.006 |*

income

middle| 1
income VS
upper middle

income

Lower 2.581248 |11.99847 | 0.03647 | 0.001 |0.003 |*

Highincome vs| 1 | 31.34937 | 149.0585 | 0.024864| 0.001 | 0.003 |*

upper middle

income

Continent

Asia vs Europe

0.949689

4.509252

0.001535

0.01

0.06

Asia vs Oceanig

2.958477

13.98324

0.020091

0.001

0.006

Asia vs North

America

0.988634

4.850663

0.002026

0.002

0.012
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Europe vg 1 |19.86468 | 93.87106 | 0.026171| 0.001 | 0.006

Oceanic

Europe vg 1 | 14.57863 |70.07686 | 0.013297| 0.001 | 0.006

North America

Oceania vg 1l |36.42061 | 176.5437 | 0.056484| 0.001 | 0.006

North America

221




Figure5.8: Beta diversity as represented using PCoA computed using Jaccard distances showing clusteGogittyyAB. Continent, C.
Sociceconomic status and D. HAQ index category.
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5.4.4 Antibiotic efflux is the most common resistance mechams in infants

Theantibiotic resistance mechanisms thatewsost common in infants under thyears
of age globallywere investigatedAntibiotic efflux wasthe most common mechanism of
resistance which was followed by antibiotic target alteration anctiviaéion overall

globally and per country (Figuie9, Figure $.2).

Figure5.9: Barplot depicting the various antibiotic resistance meishas observed in
infants under thregears of age as detected using RGI with CARD. The abundance is

shown as anwerage of normaled values.

5.5 Discussion

Several studies to dateverepored the globaltrends of atibiotic use over the years
associatingt with age group, disease type dandome status ahe country (Prusakov et
al., 2021;Browne et al., 2021Brown et al, 202Q Klein et al., 2018 These studies
provide a comprehensiveiew of the worldwide antibiotic consumption and report
increasing use of lasesort drugs such as carbapenems, glycyclmes$3 generation
cephalosporins. Thus, enablipglicy makers to make informed decisions to tackle the

AMR issue. However, very few studibaveinvestigatedhe global resistome profilef
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the infant gut microbiomeThe riseand spread of AMRwhichis many foldhigher than

the antibiotic consumptignis dueto overuse and migse of antibiotics, anshcreasing
globalisation. In this study, we analysed shotgagencing data from infants under
threeyears of age to study the worldwide résise profile in early life. Oupbjective

was to summarise AMRata in multiple countries, which along with already available
antibiotic use data will help in forming better antibiotic stewardship prograimes.
UHVLVWDQFH WR VHYHUDO GUXJ FleVWAY twasobservetito R U L V |
behigh in all the countries included in this study. This includetibiotic classes such as
glycopeptides, tetracyclineandaminoglycosides to name a few. These antibiotic classes

are reserved and suggested to be used as last resort antithiefices@ce of resistance

for reserve category antibiotics in early life is alarming.

Antibiotic consumption profile have beegpored to differbetweerow vs highincome
countries, with low and middiemcome countries showing a high and increasing tfend
artibiotic consumption between 2002017 Indeed, m some lowmiddleincome
countrees, he rate of antibiotic use wasported to increase from 202015but it varied
by antibiotic type, and the overall global rates were high (Brovah ,e2020; Jackson et
al., 2019. A high rate ofantibiotic consumption in higlncome and uppemiddle-
income countries haalsobeenreported Browne et al., 2021). The soetemographic
status of a country ishown to be associated witlealthcare access and quality (GBD
2016 Healthcare Access and Qualitollaborators, 200)8&nd a small hike in the misuse
of antibioticsis observed in middle and highcome countries (Mallah et al., 20RZ his

could be because people in higisome countries have easier access to antiisioti

From the countries included in our study, astper2016 World Bnk classificatioponly
Bamgladesh was classified as lowarddle incomecountry and Russia aan upper
middleincome  country wh& all other countries were highcome
(https://datatojes.worldbank.org/worldlevelopmenindicators/theworld-by-income-
andregion.html). These so@oonomic statwes correspond to the HAQ status with
Bangladesh hang the lowest HAQ (47.6), andussia being second with 75.1 in 2016
amongst the countries included in our study (GBD 2016 Healthcare Access and Quality
Collaborators, 2018). Our results are in line with the published reports as we also
observed a difference in abundance and diven$iBRG classes based on these variables

with low HAQ index showing lower relative ARG abundanedthout any significant

224



correlation A similar relationshipvas observedegarding socioeconomic status where
high-income countries showed higher relative ABI&s abundancigllowed by upper

and lowermiddle countriesn our study.

Furthermore, a dgease in ARG class abundance with age in moméssidentifiedthis
correlationcan be linked to the developing dynamic infant gut microbiota in early life.
The species carryintpe highest ARG abundance in our study waredominantly gram
negative and belonged to the gene@itrobacter, Escherichia, Enterobacter,
PseudomonasndKlebsiellawhich are all known pathobionts in infants which can cause
sepsis innfants (Camach&onzalez etl., 2013). Som@ifidobacteriumspecies also
showedhigh ARG abundance.uftherstudy is requiredo understand the relationship

between this high ARG abundance @ifidobacteriumfunctional profile.

Certain advantagesf the current metaanalysis isthat it usedhe most updated global
early life gut genome (ELGG) reservoir generated from studies in multiple countries. Our
analysis adds on to our previous st@dgng et al., 2022)utis independent of antibiotic

use orthe health status of the individusahs this metadatwasabsent in many cases.
Certain limitations are that as MAGse generated only from shotgsequencing data

we were restricted to the number @didies/countries passing the inclusion criteria and
included in the analysisFurther, the depth of sequencirignepoints oflongitudinal
sample collection, vging time duration of the studies involved are falttors which

restrict theanalysis.

In conclusion, antibiotic resistance was higlmiiantsin all the countries included in our
studyand was associatedtteegeography, age and demographics of the couRtmther
studies that combine antibiotic use data with resistance data in infants are ndedpd to
limit the use of antibiotics in early liféndeed, it has beeeported thathe presence of
specific antibiotic stewardship programsducesthe use of antibiotics ilNeonatal
intensive care urst (NICU) (Prusakov et al., 2021This studyemphasiseshe urgent
need forstricter guidelines andegularly updated antibiotic stewardship prografos

infant groupgylobally.
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Supplementary figures:

Figure $.1:
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Figure $.1: Barplot depicts top 5 species per country carrying highest ARG abundance. The ARG abundance is depicted egrmean of

normalissd abundance values
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Figure $.2:

Figure $.2: Bar plotshowing common antibiotic resistance mechanisms observed in all
the countries included in our meaaalysis. The abundee is shown as mean of

normalised cpm values.

Supplementary table:

Table $.1: Presents qwalues and p.adjusted values based on Wiloaest for each

country pair comparison accompanying Alpha diversity analysis.

groupl group2 p-value p.ad
Bangladesh Estonia 0.226949 |1
Bangladesh Finland 0.529961 1
Bangladesh Italy 0.000673 | 0.013
Bangladesh Luxembourg 0.000275 | 0.0055
Bangladesh New_ Zealand |0.702701 |1
Bangladesh Russia 0.048663 | 0.58
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Bangladesh Singapore 1.55E06 4.30E05
Bangladesh Sweden 0.012612 |0.18
Bangladesh UK 5.39E07 1.60E05
Bangladesh us 0.000157 | 0.0034
Estonia Finland 0.00014 0.0032
Estonia Italy 5.20E12 2.10E10
Estonia Luxembourg 1.78E09 6.40E08
Estonia New_Zealand | 0.06707 0.67
Estonia Russia 0.249198 |1
Estonia Singapore 1.58E10 5.90E09
Estonia Sweden 1.32E13 5.70E12
Estonia UK 6.08E42 3.00E40
Estonia usS 8.29E27 4.10E25
Finland ltaly 3.54E07 1.10E05
Finland Luxembourg 3.98E06 0.00011
Finland New_ Zealand | 0.003437 | 0.052
Finland Russia 4.04E09 1.40E07
Finland Singapore 1.22E08 4.20E07
Finland Sweden 7.79E06 2.00E04
Finland UK 3.67E45 1.90E43
Finland us 7.50E25 3.60E23
Italy Luxembourg 0.157284 |1

Italy New_Zealand |2.83E12 1.20E10
Italy Russia 1.15E16 5.30E15
Italy Singapore 0.00108 0.019
Italy Sweden 0.013352 | 0.18
Italy UK 0.115483 1

Italy usS 0.612954 1
Luxembourg New Zealand | 1.88E08 6.20E07
Luxembourg Russia 2.54E11 9.90E10
Luxembourg Singapore 0.050678 | 0.58
Luxembourg Sweden 0.001603 | 0.027
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Luxembourg UK 0.680141 |1
Luxembourg us 0.119232 |1
New_Zealand Russia 9.43E05 0.0023
New_Zealand Singapore 7.97E11 3.00E09
New_Zealand Sweden 1.96E14 8.80E13
New_Zealand UK 8.27E86 4.50E84
New_Zealand usS 1.05E55 5.60E54
Russia Singapore 3.20E12 1.30E10
Russia Sweden 3.28E22 1.50E20
Russia UK 1.98E71 1.10E69
Russia us 7.31E49 3.80E47
Singapore Sweden 1.05E06 3.00E05
Singapore UK 0.001773 0.028
Singapore us 0.000219 | 0.0046
Sweden UK 2.61E14 1.10E12
Sweden usS 8.41E05 0.0021
UK usS 1.91E08 6.20E07
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6.1 Abstract

Cystic fibrosis (CF) individuals are prone to bacterial infections due to the uquitd
largeamounts of mucus in their lungsaking them chronic antibiotic usefhe airway
microbiota in CF individuals is altered during the course oéalie and treatment.
Disruption of Cystic Fibrosis Transmembrane conductance Regul@6TR) gene
functionalong with atibiotic use including ladgine antibiotics causes variations in the

gut microbiota and resistome profildowever, he gut resistome of CF individudias

not beenextensively studiedlThe aim of this study was to examine the effect of chronic
antibiotic exposure on the CF gut microbial and resistome profilestgun sequencing
data from six CF and sironCF healthy ontrols from a previous study were used
Downstream processing was performed using Kraken2 for taxonomic classification and
ABRIicate with Comprehensive Antibiotic Resistance Database (CARD) and Virulence
Factor Database (VFDB) for resistance and virulemagysis CF and control groups had
significant differences irbetadiversity showing distinct clustegn(p-value=.006 at
genera level, andpalue=0.009 at species level); with increased abundance of Firmicutes
and decreased Bacteroideteth@CF grow. Differences between the two grog®wed
several &xa includingClostridium spp, EnterococcusBlautia, and Eggerthelaamong
othersto be more associated to the CF group whiecalibacterium Coprococcus
Subdoligranulunwere related to contral¥he resistome profile of CF and control greup
differed significantly, withthe CF group presenting a more divergevalue=0.002,
Shannon indexand abundant resistance gene masie (Wilcoxon test: pvalue=8.5e11)
compared to controls. Several antibiatlassesincluding those administered to the CF
subjects in this study, such as macrolide, tetracycline, fluoroquinolone, oxazolidinone,
and sulfonamide, were more associated wiie CF group. The virulence factor
(Wilcoxon test: pvalue=6.5e06) profile in CF was also higherwith changes in
functional profiles reported previously. The varying microbial composition along with
thepresence of high numbers of virulence factors and resistance genes in CF individuals
is of concernas alteredfunctionality of the gut microbial ecosysternd antibiotie
resistant pathogermn makedreatment more complicatdry lowering effectiveness of

future antibiotic therapies.

Keywords: Antibiotic resistance gene, Cystic fibrosis, gut microbiota, resistome.
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6.2 Introduction

Cystic fibrosis (CF) individuals are subjected to chronic antibiotic exposure due to their
underlying condition and polymicrobial infections owing to increasing multidrug
resistant bacteria (Taccetti et al., 2021). CF is a genetic disorder caused du&tittnmu

in the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) gene thus leading
to a reduction in functional CFTR proteins. This affects the transport of chloride and
bicarbonate ions, which causes hypersecretion of viscous mucus in the aandays
digestive tract. Impaired mucociliary clearance leads to infections, inflammation and
respiratory distress. The presence of the CFTR protein throughout the body on the apical

layer of epithelial cells leads to multiple complications including pancreetufficiency,

impact on growth and gastrointestinal dysfunction (Modolell et al., 2082;Elburg et

al., 1996). This is accomp&d by alterations in the microbiota of the lungs and
respiratory tract as their habitat environment changes; with changes in gut microbiota in

individuals with CF altering the intestinal microenvironmgvierfhocchi etal., 2018;

Schippa gtl., 2013). The bidirectionalnature of the gulung axis partly implies that an

alteration in gut microbial composition can presage changes in lung microbiota (Price &

29 7R RO MWadan efal.,2012) and alter lung and gut immune responses (Anand &
Mande, 2018; Shukla et al., 20[Keely efal., 2012)

The gut bacteria of CF patients have been profiled, and bacterial richness and diversity
show a decrease in CF patients relative to healthy conBot&é€ et al., 201 m ielsen ef

al., 201¢|Duytschaever ¢dl.,2011). In CF patients, a reduction in level8atteroides

FaecalibacteriumRoseburiaBifidobacterium, and Ruminococcaceaealong with
increasedevels of FirmicutesClostridium difficile EscherichiaShigella,Pseudomonas
aeruginosa andKlebsiellg which can be linked to intestinal inflammation, is observed
mlal., 2018[de Freitas é4l., 2018[Burkdet al., 2017Francescet al.,2017;
Fouhy et al., 201Nielsen et al., 201g1offmanet al., 2014Duytschaever ¢dl., 2011,
2013]Schippa €tl., 2013). It has been reported that altered microbial composition such

as changes (reduction) in Bacteroidetes levels affects lung inflammation|An@is¢al

et al., 201? and plays a role in progression of CF. Studies have demonstrated altered
functional capacity of the microbiota in CF patients (Fouhy et al., 2017, Manor et al.,

2016). Bacteal groups altered include shatbain fatty acid (SCFA) producers and
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bacteria involved in lipid and xenobiotic metabolism (Fouhy et al., 2017, Manor et al.
2017; Debyser et al., 2016).

Many other factors such as increased mucus secretion, altered intestinal permeability and

barrier function affect gut microbial compositigedss ggl.,2015{Modolell etal.,2002;

Van Elburg et al., 1996). Gut microbiota alteration is alse to antibiotic use and

prolonged medication in CF patients due to recurrent pulmonary infe¢tiensocchi et

al.,2018). Antibiotcs are known to alter gut microbial composition in disease and healthy
states (Patangia et al.,, 2022). Patients with CF often requiretdamgantibiotic
WUHDWPHQW WKH GRVDJH DQG UHJXODULW\ DUH IXUW
to clearthe drug and severity of infection (Abbott et al., 2019, Sorgel 1996). Antibiotics

in CF patients are used to treat exacerbations and also to suppress bacterial growth such

that pulmonary functions are improved (Hgiby et al., 2011).

Despite the benefitsf using antibiotics to curb infections, early and prolonged antibiotic
usage has been linked to the development of allergies, decredgedationresistance

and promotion of the formation of antibiotiesistant bacteria (Kidd et al., 2018;
Sriramulu et al., 2013; Parmer & Nasser 2005). These antiegtistant bacteria can

make treatment more complex and may be associated with other respirégotipns.

Many gramnegative bacteria involved in pathogenesis of CF are intrinsically resistant
with some capable of forming biofilms, while antibiotic treatment adds to the number of
resistant bacteria (Kidd et al., 2018; Carla Lé@emisapé et al., 26). Antibiotics cause

the loss of metabolically beneficial bacteria while allowing the growth of pathogens and
resistant bacteria (Francino, 2016). Selective pressure due to continuous and prolonged
antibiotic use in CF patients can promote the tran$fantibiotic-resistant genes (ARGS)
among bacteria. It allows the bacteria to undergo genetic mutations and evade the host

immune response to survive, and result in chronic infecti@mitfl et al., 2006).

Delaying pathogerolonisationcan help reduce the severity of the CF condition; hence,

it is important to understand the resistome profile of the microbiota present in this patient
group.

Studies have reported the resistome profile of lung and sputum showing increased

transmissible macrolide, lincosamide, and streptogramin gene abundance, but only a few

studies have focussed on the gut resistome in CF patients (Taylor et a|F@@g&8nan

@al., 2017). Due to the significance of the gut microbiome in the development and
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progression of CF, it is clinically important ¢g@in insight into the gut resistome profile

of patient groups suffering from chronic diseases andtiemng antibiotic exposure such

as CF. The aim of this study was to examine the microbiota and resistome patterns of the
intestinal microbiota of CF pats compared to healthy adults, using a shotgun

sequencing approach (Dataset used by Fouhy et al., 2017).

6.3 Methods

A total of 12 samples available from the CFMATTERS study and previously analysed by
Fouhy et al. (2017) were used for the analysis of thibiatic resistance profile of the
microbiota in this study. DNA extracted from six stool samples each from CF subjects
(four out of the six CF subjects were pancreatic insufficient) aneédtonontrols were
subjected to lllumina Miseq shotgun sequenci@pntrols were noiCF healthy
individuals with no antibiotic exposure in the 28 days before sample collection. CF
individuals received multiple antibiotic courses in the previous 12 months. For more

details about the CFMATTERS cohort and selection critesad, please refer to

https://www.nature.com/articles/s41508 7-06880vy#Sec?

6.3.1 Quality check and trimming

The quality of shotgun metagenomic data was first evaluated using F&giQC.8).

The reads were then ppeocessed by filtering out louality reads using Prinseq
(Schmieder & Edwards, 2011). Reads with a mean quality score lower than 25 for a
sliding window of 5 base pgrfDW WKH 1 HQG ZHUH WULP Rah@ols% R ZW |
(Langmead & Salzberg, 2012; Li et al., 2009) was then used to eliminate any host reads
(human contamination) present in the data set by screening the filtered sequences against
the reference human genome (Homo sapiens) database from NCBI. Reeatetsifriom

the sequences were then removed using PICARD tools (v2-08.23
((https:/broadinstitute.github.io/picard/, 2016), the output being files with unique reads
only. This was followed by final quality checking and trimming of the dataset using
trimBWAstyle.usingBam.pl. from the Bioinformatics Core at UC Davis Genome Center

https://github.com/genome/genome/blob/master/lib/perl/Genome/Site/TGI/Hmp/HMpS

raProcess/trimBWAstyle.usingBamyplThe script was used to trim off bases with a

quality value of three or lower. This threshold was chosen to delete all the bases with an
unce’WDLQ TXDOLW\ DV GHILQHG E\ ,OO0XPLQDTfV ($006

240



Segments) filter. Additionally, reads trimmed to less than 200 bp were also removed.
Quality check of the filtered and trimmed readsing FastQC (v0.11.8) and MultiQC
(v1.9) demonsttad thathe mean quality value across each base position in the read was
more than 20.

6.3.2 Taxonomic and functional profiling, Assembly

Themicrobial composition was analysesing the MetaPhlAn2 (v2.7.5) species classifier
(Segata et al., 2012). Taxa withrelative alndance of <0.01% were categedsas

"Other" for each classifier. Subsequently, the functions were assigned with HUMANN2
(v2.8.1) tool (Franzosa et al., 2018), based on ChocoPhlan and UniRef databases (Suzek
et al., 2007). Metagenome assembs performed usingetaSPAdes (kmers 28L0),

keeping those contigs with length above 500Tgxonomic assignment to contigs was
performed using Kraken2 (v2.0.8)

6.3.3 Antimicrobial resistance, virulence factors and taxonomic assignment of

ARGs, secondarymetabolites
To odetermine the asistome profile of the samplesABRicate with CARD
(Comprehensive Antibiotic Resistance Database) and VFDB (Virulence Factor
DataBase) were used (Seemann T, Abricate, Github
https://github.com/tseemann/abricatépntigs wereaised as input to determine antibiotic
resistance andutput from CARD (Jia et al., 2017) and VFDB (Chen et al., 2016) was
used throughout for further analysis (doi:10.1093/nar/gkw1004)
(doi:10.1093/nar/gkv1239). Taxonomic assignment of the contigs wdgaiassign and
correlatebacterial phyla to the ARGs. AB&ate results were normadid to copies per
million (cpm)using the read counts from filtered and trimmed shotgun réad®\RGs
list was further curated into different antibiotic classes basedARD. Similarly, the
gene names encoding for virulence factors were modified and curated to virulence factor
classes a&sed on VFDB. antiSMASHv 4.1.0) was usedon contigs to detect and
understand the profile of biosynthetic gene clusters responsibkectam@ary metabolites
in both groupsFurther, the contigs were analysed to look fgnespossibly resulting
from a lateralgene transfeevent by using the WAAFLE tool frorhluttenhowerlab
(Tiffany et al., manuscript in proces$)atching the genes shovgmateralgene transfer
to those genes that were assigned as ARGs using CARDARRicate helped ugo

understand the nature of ARG transfer in our dataset. Similarly, MEfinder on cmasgs
241



usedto detect the presenoé mobile genetic elemengnd idetify if ARGs as detected

from ABRIicate ae involved in transfer usingobile genetic elements.

6.3.4 Visualisation and Statistical analysis

To determine the association between antibiotic resistance and antibiotic use associated
with disease conditigrour dataset had two major groypSF and healthy controls. All
analyses wre performedusing R v4.0.2. Alpha diversity was estimated using Shannon
index, Simpson index, evenness and richness indices using the vegan package (v2.5.7) in
R. Significance betweenlpgha diversity estimates was calculated usivigst. Beta
diversity was visualised using the metaMDS function with the vegan and Phyloseq
(v1.38) Pakage in R using NMDS with Bra@urtis dissimilarity indexand PCoA with
Jaccard and Bra@urtis distancesThe significance between groups was tested using
Adonis and anosim tests. These analyses were also conducted at genera and sp&cies level
for microbiome charactemasion. Beta diversity calculations were done on relative
abundance data. Furthesisualisaions of the differentially abundant features in
microbiome, resistome and pathway abundance data from trimmed and fikads]

were also made using LE#Shrough the galaxy server online using default parameters
(Threshold on the logarithmic LDA score fdiscriminative features: 2.0;\@alue cutoff:

0.05) (Segata et al.,, 2011) and A&in2 (minimum prevalence = 0.1, minimum
abundance = 0.001, max significance for q value: 0.250) (v1.7.3) (Mallick et al., 2021).
A list of AMR genes and virulence factorasvextracted and grouped into antibiotic drug
classes to which resistance was conferred, or to virulence category and the assignments
were viewed using boxplots, heatmaps usdognplexHeatmap and circlize package in

R (Gu et al., 2016, 2014). Other plots R were produced using the ggplot2 (v3.3.5),
microbiomics (v0.0.0.9) packagé\ p-value higher than 0.05 was considered -non

significant
6.4 Results
6.4.1 Diversity analysis for antibiotic resistance genes and gut microbiota

In total, 12 samples from 12 differenanticipants were included in this study. The
participants were divided into two groups; six samples from individuals @ktkvho
have chronic antibiotic exposuredasix from healthy controlsARG abundance was

determined using CARD iABRicate. Alpha divesity of the resistome was calculated
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for the two groups using Shannon, Simpson, pileus evenness and richness indices.
Significantly higher ARG diversity and richness were observed in the CF group than in
the controls (Figre6.1A). Species richness indernsiders only the abundance and was
found to be significant between the two groups/gue=0.005), whileChaol index
which also considers rare features was also significamal(pe=0.0043). Both Shannon
and Simpson alpha diversity indices account ferféature's diversity, abundance and
evenness and showed that ARGs were significantly lower in healthy sootroipared

to the CF group (walue=0.002 for Shannon-yalue=0.0022 for Simpson) (Rice
6.1A). This showed a strong association of tbgistome with antibiotic treatment in the
CF group. Fuhier, alpha diversity characteatgonat genera and species leviglsthe gut
microbiota showed no significant differersda the diversity and richness of the two
groups (Figre6.2 A, B).
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Figure 6.1: Based on resistome profile: A. Alpha diversity of CF and Controls as
measured by Shannon, Species Richness,SShiRQ 3 LHOHRXTV RadHQQHV
indices andB. Beta diversity between CHa Controls as measured by Bi@yrtis

distanceP-values < 0.5 were considered significant.

Beta diversity showed clustering of CF samples separately from contralsgBifjB).

The effect of the type of sample and antibiotic use on sample dissimilarities was
determined by permutational multivariate ais& of variance (PERMANOVA) using
distance matrices with Adonis function. Beta divgrédar ARGs gave a significant-p
value (0.005) wittAdonis test (R 0.31) (Figire 6.1B). Similarly, Adonis ér taxonomy
(genera level fronMetaPhlAn2) resulted ima significant p-value (pvalue=0.01, R =

0.23) (Figire 6.3A). Adonis presented significant results for taxonomy at species level
derived from MetBhlAn2 (pvalue= 0.007, R=0.19) (Figire6.3B); with a high R2 value
explaining the effect of chronic antibiotexposure on the microbiota and ARG diversity

between the two grougBigure6.3C).
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Figure6.2: Diversity estimates based on microbiome profile using Alpha diversity with
Shannon, Species Richness, SIWRQ 3LHOHRXTV HYHr@iE®VA.DQG ¢
genera and B. species levielvalues< 0.05 were cosidered significant.
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Figure6.3: Beta diversig with NMDS plot based on Bra§urtis distances at A. Species
level (ellipse at 90% confidence), and B. Genera level (ellipse at 90%eocd), and

C. PCoAplot based on Jaccard and Bf@yrtis distances at genera level.

6.4.2 Microbiota changes are influenced by chronic antibiotic use

MetaPhlAn2 was used to assign taxonomy to the filtered and trimmed reads. Mean
relative abundance scoregre used to plot phylevel abundaneeof the two groups.
Firmicutes were increased the CF group, while Bacteroidetes, Actinobacteria and

Proteobacteria decreased compared to controls (Fégtie.
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Figure6.4: Mean relative abundance at A. Phyllewel and B. Barplot depicting mean
relative abundance of top 10 genera in CF and cof@ah) groups.

The mean relative abundance of the top 10 bacterial genera in CF showed higher levels
of Blautia, EnterococcusBacteroidesand Clostridium compared with controls while
higher levels oSubdoligranulumAlistipesandBifidobacteriumwere found in controls
(Figure 6.4B). Fora complete representation of the differences in relative abundance of
bacterial genera in both groups, a heatmap was generated by performing log
transformation on relative abundance datavisualisation(Figure 6.5). Similarly, the
species level top 10 mdive abundance plot showed higher abundan¢tuaiinococcus
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gnavus, Eubacterium rectaleEnterococcus faecalis Bacteroides vulgatusand

Bacteroides uniformis CF individuals (Figre 6.6A).

Figure6.5: Heatmap demonstrating lagansformedabundance of total genera profile in

CF and contro{Con)group.
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Figure 6.6: A. Mean relative abundance plot from top 10 species fkbetaPhlAn2
output. B. Histogram of LDA scores computed for differentially abundant genera and C)

species in the CF drhealthy control$Con)

Using LEfS and MaAslin2, the most differentially abundant taxa in the two gromee
determined. Results from LEESshowed that the bacterial taxa with signifibant
differential abundance in controls included higjlistipes Aldercruetzia Coprococcus
FaecalibacteriumDoreaandBarnesiella while CF subjects were more associated to the
gerera Coprobacillus Lactobacillus Flavonifractor, Enterococcus Blautia and
Clostridium (Figure 6.6B and C, refer to Table $.1 and $.2 for p-values and LDA

score)
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Further, multivariate linear models were used to compare the taxonomic composition at
the genera and species lesial the two groups usinijlaAsLin2. Based on FDR values

from MaAsLin2 at the genera level, the CF group showedlar results to previous tests

and showed a higher abundanceCtdstridium Blautia, EnterococcusCoprobacillus
Flavonifractor, LactobacillusandBacteroidesSimilarly, LEfSe andMaAsLin2 analysis

was performed on speciesvel data. Specidevel differential testing demonstrated that
Faecalibacterium prausnitzii Barnesiella intestinihominjs Alistipes putredinis
Coprococcus comeBifidobacterium longurandLacnospiraeceare more associated to
controls, showing negative association to @fe patient groupRumunicoccus gnavus
Clostridium clostridioforme Clostridium hathewayiand Enterococcus faecaligvere

more closely associated to the CF grolalies 6.1 and6.2).

Table6.1: MaAsLin2 significant results from genera level run using default parameters

and minimum abundance of 0.001.

feature metadata | value coef g-value

Bifidobacterium Diagnosis | Cortrol 5.225782 | 0.061835
Faecalibacterium | Diagnosis | Cortrol 3.298034 | 0.002403
Barnesiella Diagnosis | Cortrol 2.552116 | 0.072445
Dorea Diagnosis | Cortrol 2.206713 | 0.177698
Coprococcus Diagnosis | Cortrol 2.144477 | 0.102917
Adlercreutzia Diagnosis | Cortrol 1.696687 | 0.177698
Flavonifractor Diagnosis | Cortrol -2.14709 | 0.102917
Bacteroides Diagnosis | Cortrol -2.60153 | 0.185961
Blautia Diagnosis | Cortrol -2.99821 | 0.061302
Enterococcus Diagnosis | Cortrol -3.96316 | 0.070155
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Coprobacillus Diagnosis | Cortrol -4.07215 | 0.075185
Lactobacillus Diagnosis | Cortrol -4.09814 | 0.14336
Clostridium Diagnosis | Cortrol -4.21516 | 0.010268

Table6.2: MaAsLin2 significant results from species level run using default parameters

and minimum abundance of 0.001.

feature metadata | value | coef g-value

Clostridium__clostridioforme Antibiotic | Yes | 4.783623 0.196041
Clostridium_hathewayi Antibiotic | Yes | 4.257744] 0.196041
Coprobacillus_unclassified Antibiotic | Yes | 4.072152 0.196041
Enterococcus_faecalis Antibiotic | Yes | 3.663978 0.196041
Ruminococcus_gnavus Antibiotic | Yes | 3.448063 0.203126
Bacteroides_vulgatus Antibiotic | Yes | 3.437633 0.203126
Ruminococcus_torques Antibiotic | Yes | 3.109445| 0.163316
Eggerthella_lenta Antibiotic | Yes | 3.083378 0.196041
Flavonifractor_plautii Antibiotic | Yes | 2.147088 0.203126
Lachnospiraceae_bacterium_1_1 57F; Antibiotic | Yes | 2.011794| 0.196041
Anaerostipes_unclassified Antibiotic | Yes | 1.901939 0.218427
Coprococcus_comes Antibiotic | Yes | -1.67113]| 0.218427
Lachnospiraceae_bacterium_5_1 63F/ Antibiotic | Yes | -1.86003| 0.248814
Barnesiella_intestinihominis Antibiotic | Yes |-2.55212| 0.196041
Alistipes_putredinis Antibiotic | Yes |-2.93847| 0.218427
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Faecalibacterium_prausnitzii Antibiotic | Yes | -3.29803| 0.006324

Bifidobacterium_longum Antibiotic | Yes | -3.71335| 0.233812

6.4.3 Functional characterisation of the antibiotic vs nontantibiotic group

The functionality of the microbiomeariedin the CF group as compared to controls.
HUMANNZ2 outputdata wagenormalied tocpm by excluding special features and the
results visuali:ed using Heatmap in R.aBiple type had a profound effect on the
functional profile of the microbiota (based on unstratifpathway abundance data from
HUMANNZ2) and samples clustered significantly based on sample type (CF and controls),
over the pancreatic insufficiency status of CF subjectu(eig7 A, B). More deailed
analysis of differences in functional profile of the two groups is demonstrated in detail in
the original study (Fouhyteal., 2017). Further, antiSMASKv4.1.0) was used to
determine the secondary metabolite composition between the two gréups.
biosynthetic gene cluster (BGC) belongind\i@PS (non-ribosomal peptide synthetages

was significantly enriched in CF individuals (bEig 6.8A). NRPs are secondary
metabolites that help microbes survive in stressful conditibhis explains their high
abundance in the CF group as many of the secondary metabolites in this class act as
signalling molecules, immursuppressants, and virulence factors and also help to grow
in low iron conditions acting as siderophorasd are involved imotility and biofilm
formation (Gulick 2017; Tyrrell & Callaghan 201@ikolouli & Mossialos 2012;
Fischbach & Walsh, 200&€ane &Walsh, 199).
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Figure 6.7: A. Heatmap showing distinct clustering to samples based on unstratified
pathway abundance data frahtt MANN2. B. Betadiversity (NMDS plot using Bray

Curtis distance matrix) plot on unstratified pathway abundance data, shows distinct
clustering of sample based on sample type over pancreatic insufficiency (Ellipse at 90%

confidence interval).

253



Figure6.8: A. Comparative baplots slowing BGCs detected by antiSMASH the 2
groups. B. Boxplot showing ARG abundance in both groups, with higher overall

abundance observed in the CF group.

6.4.4 ARG abundance and profiling

The ARGs detected usigBRicate were manually assigned antibiotic classes based on
the phenotype from CARD. Further, any ARG that confers resistance to three or more
antibiotics was termed amulti-drug resistant (MDR), except for drug classes belonging
to the antibiotics administed to CF individuals in the study. Shotgun data analysis of
the CF and control grogpresulted in the identification of 17RRGs These genes
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included rifamycin, tetracycline, muldrug resistance, MLSP, aminoglycosideta

lactam, glycopeptide, diamipgrimidine and mupirocin resistance ge

a@song others

The total number oARGsdetected in both groupsasvisualised by filtering for ARGs
present in ateast 306 of the samples, and it was observed that the ARG abundance
differed significantly with higer amounts present in the CF group (Fé$.8B, p=8.56e

11, Wilcoxontest).

A heatmap using lotransformed abundance was generated for antibiotic resistance
classes, whichevealshigher ARGs in CF subjects as compared to controlsi(E&9B).
Further the microbial composition was associated with raw ARG countsABRicate
based on taxonomic classification of contigs from Krakéfost ARGs inthe CF group

were present in phalFirmicutes, Proteobacteria and Bacteroidetes while those in control
werein the phyla Firmicutes, Proteobacteria and Actinobacteria but at lower abundances
(Figure 6.9A). Differential abundance testing usiMpAsLin2 on ARG abundance data
showeda positive correlation ofthe CF group to many antibiotic classes such as
aminoglycosides, wazolidinone, tetracycline,and fluoroquinolone, which were
administered to th€F individualsthroughout their treatment (TalBe3, MaAsLin coef.
Correlation table: positive coefficient means positive relation to the CF group: Underlined

classes denote antibiotics administered to CF individuals).

Table6.3: Table showing MaAsin2 significant results, where MaAB12 was run with
default parameters and with minimum abundance of 0.001. (Positive coefficient means
positive relation to the Cgroup: underlined antibiotic classes denote antibiotics used by
CF individuals)

feature metadata value | coef g-value

aminoglycoside Antibiotic Yes 3.405736| 0.0051

MDR, macrolide ,oxazolidinone | Antibiotic Yes 2.670728| 0.005425

tetracycline
Lincosamide, macrolide | Antibiotic Yes 2.003744| 0.099103

streptogramin
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Fluoroguinolone, macrolide Antibiotic Yes 1.864142| 0.023119
rifamycin

diaminopyrimidine Antibiotic Yes 1.806078| 0.099103
Acridine dye Antibiotic Yes 1.741314| 0.029626
nucleoside Antibiotic Yes 1.656453| 0.042762
lincosamide Antibiotic Yes 1.395792| 0.075989
Sulfonamide sulfone Antibiotic Yes 1.304193| 0.099103
tetracycline Antibiotic Yes 0.973884| 0.068514
rifamycin Antibiotic Yes -1.63983 | 0.046152
mupirocin Antibiotic Yes -3.38061 | 0.0051
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Figure6.9: A. Circle heatmap showing correlatioetiveen ARG and bacterial phyla,
approx.13% of the contigs conferring resistance to ARGs were removed from the below
circle heatmap as they wecategoried as unclassified byrken2; B. Heatmap based

on logtransformed abundance values for antibiotic resistance classes between the two
groupsCF (CF) and Controls (C)

6.4.5 Virulence Factors, lateral gene transfer and mobile genetic elements

VFDB in ABRicate was used to determine virulence factors in the dataset. The results
from ABRicatewere normalied based on reatbunts of filtered and trimmed shotgun
reads. Shotgun data analysis of the dataset reveed@desence of 289 genes encoding

for virulence factors, which were then grouped into higher virulence factor classes based
on VFDB. The total number of virulence factoraskigher inthe CF group compared to

the control groupKigure6.10A, p-value=6.5e06, Wilcoxon tes). The virulence facter
curated into classes were lognsformed and used to generate a heatmap for
comprehensiveisualisation(Figure 6.10B). Nowel lateral gene transfevgere examined
using WAAFLE (v1.0) on metagenomic contigs. The contigsidied as participating

in lateral gene transfeevens by WAAFLE were then matched with contigs coding for
ARGs as identified byABRicate. No ARGs were found to show novel lateral gene
transferin controls while a few genes namelgrmG, tet(W/N//W) Bifidobacterium
adolescentisrpoB conferring resistance to rifampicirErmB, InuA, Bifidobacteria
intrinsic ileS conferring resistance to mupirocin, an€ampylobacter coli
chloramphenicol acetyltransferaseil2, contributed to lateral gene transfer in the CF
group as detected by WAAFLE. Mefinder (Mobile element finder:

https://pvpi.orq/proiect/MobiIeEIementFind?an(Nas used to predict the presencke

mobile genetic elements in contigs generated from shotgun seqdeace he output
was cpm normalexd and no significant differee in the total abundance of mobile genetic
elementsn thetwo groupswas observechoweverasignificant difference wasbserved

in the abundance of insertion sequence tyydile genetic elementsetween the two
groups (Figre 6.10C) where the CF group showed greater abundansal(®=0.011)
Some of thanobile genetic elementa the CF group belonged to the same contags

ARGs as predicted by CARD iBRicate, but none ithe control group
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Figure 6.10: A. Boxplot for virulence factors between CF and Control gscamd B.
Heatmap of logransformed abundance values of virulence factors betweetwthe
groups and C. Barlot showingthepresence of differemhobile genetic elemenis both

groups

6.5 Discussion

The gut resistome €F individualshasnot beenstudied extensively. In this study, the
shotgun sequencing data frem CF andsix control adult individuals who were enrolled
as a part othe CFMATTERSstudy(Fouhy et al., 2017) was analysé&cF individuals
are exposed to contious antibiotics for treatment and prophylactic purposes. This
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improves the quality of life and has sevdrahefits for CRndividuals, however, the risk
associated with the use of antibiotissch as development of antibietiesistant bacteria,
cannot be neglected. Since the conditio@Bprimarily affects the respiratory tract, most
studieshavefocussedon the microbiome and resistome prcditd the airways. However
recent developments have shothe importance of studying the gut microbiome and
resistome profile in CF individuals due to the muoklgan nature of the disease
(Thavamankt al., 2021; Buke et al., 2017)

The gut microbial community composition (Beta divifsof CF individuals was altered

as compared to controls and this was evident thadistinct clustering of thewo groups

in PCoA and NMDSplot based on Jaccard and Bi@yrtis disancesAs observed by
alpha diversity measures, the microbial diversity did not differ within the two growp
results are contradictory to other studies examining gut microbial diversity in CF
individuals compared to controls and reporting lower gutrofmial diversity in CF
individuals Coffey et al., 2019Burke et al., 2017, Nielsen €lt,a2016, Scanlan et al.,
2012). These differences could be due to the different phenotypic corsldiwh age
groups of individuals used in each stuBlgr instanceCoffey et al. (2019) and Nielsen

et al. (2016) reported lower gut microbial diversity in children, as opposed to adults in
the current study. While Burke et al. (2017) identified differences in gut microbial
diversity within CF groups varying by lung dysiction. However, differences in
microbial abundance profiles at phylum, genera and species leeets seen For
instance, the genef@ostridium Blautia, EnterococcusCoprobacillus Flavonifractor,
andBacteroidesvere found to be highen CF individualswhile bifidobacteria,Dorea,

and Faecalibacteriumwere lower in CF individuals as compared to healthy controls.
These results support findings from previous studies which report decreased abundance
of Faecalibacteriumand Bifidobacteriumin CF individuals (Burke et al., 2017;
Duytschaever et al., 2013; Scanlan et al., 2012; Schippa et al., Eag8alibacterium
prausnitziiis one of the main butyraf@oducing bacteria ithe human gut, anthusa
decrease in abundance Bhecaibacteriumprausnitzii may be associated withthe
intestinal inflammation observed in CF individuglgenits anttinflammatory properties
(Sokol et al., 2008).

The datareveakd that in CF individua® bacteria belonging tthe phylum Firmicutes

have high abundae of ARGs Manor et al(2016) reported that in children with cystic
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fibrosis, the Firmicutes membeisnterococcus faecalignd Enterococcus faecium
possessARGs Mostly bacteria belonging to thRuminococaceadamily, Blautia,
Faecalibacterium and Bifidobacteriumspp. (Parada Venegas et al.,, 2019), carry out
SCFA production by carbohydrate fermentation; all of which were reduced in CF
individuals as reported inprevious studies (Manor et al., 2016h. contrast high
abundance oRoseburisand Eubacteriumin CF individuals in our data set was found.
Burke et al (2017)reported that CF individuals who had the highest percertfge
predicted Forced expiratory volume in 1 s (a measure of lung function) had increased

Roseburidevels suggesting diease intensity can impact gut microbiota composition

Secondary metabolgeproduced by the gut microbial community also change as
microbial composition change$he sgnificantly high levels ® NRPs observedn CF
individualsin this studycould be a reult ofthe stressfukenvironmenthat the microbiota

is exposed to in this patient group such as continuous antibiotic exposure. Several
ESKAPE pathogens shothe preence of NRB biosynthetic gene clusteend their
secondary metabolites that are invalwe virulence Indeed,a recent study alseported

a positive correlation between NRRindthe virulence profile ofBurkholderiaspecies
(Gulick, 2017; Pearson et al., 202Burthermore, min-vitro studyusing synthetic CF
sputum medium revealdgte paitive role of theCF disease environment and antibiotic

use in upregulatinghe formation of secondary metabolites such as siderophores,
antimicrobials,and quorumsensing signalin three Burkholderiacenocepacisstrains
(Jaiyesimi et al., 2021). More studies are needed to examine the secondary metabolite
profiles in patients with chronic antibiotic exposure, to understand the mechanism of
resistance development and virulence in pathogens involved, helping towardsrzktter a

targeted therapy, with effective pathogen clearance.

The CF individuals in this study were exposed to various antibiotics including inhaled,
intravenous and oral antibiotics for treatment and prophylaxis during the 12 months
beforesample collection. @sequently, this patient group was anticipated to contain high
abundance of ARGs in the resistome profile. The class&RGE were highly diverse in

the CF group compared to contrasd the total abundance of ARGsigd significantly
between the twaroups.The pesence ofARG-containing bacteria is of concern as
studies suggest that a third of CF patients infected®adudomonasarry MDR bacteria

(Oliver et al., 2000)Pseudomonas aeruginosan evade antibiotic treatment by several
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methods such asiofilm formation and carries several virulence factors (Malhotra et al.,
2019).

WAAFLE-based analysis show#tepresence chfew novel lateraARG transfer events

in contigs from the CF group, while nowere foundn the control group. The genes that
were laterally transferrenh the CF grougonfer resistance to streptogramin antibiotic,
macrolide antibiotic, lincosamide antibiotic, tetracycline, rifamycin, mupirocin, phenicol
and sulfonamide antibiotic. Many of these genes confer resistance tootcgibi
administered to CF individuals, whighof concern as transfer of resistance gaméhe
bacterial community can contribute tbe development of multidrug resistance in
pathogensExaminingthe presence ahobile genetic elementis the two groupsevealed
thatinsertions sequences were significantly higher in CF individuals. Insertion sequences
are associated with transferAiRGsbetween bacterial commurgs (Razavi et al., 2020).
Some mobile genetic elementsour analysisvere anticipated tbe part of the same
contig as tose of ARGs as predicted by ABRBte inthe CF group, though only very

few. This number might be small as many of the resistance genes are present inherently
in the bacteria, making the patienbgp reservoirs of ARGs. laddition, ABRcate only
detects acquired mutations, and there could be many unrecognized ARiG$eads a
scope for futureesearcho study the context of insertion sequences and AR®stter
understand their association in patients wlhonic antbiotic exposure and an enriched

resistome profile is observed.

The currentdatasetderived from gprevious studyFouhy et al., 2017is a pilotscale
investigationbut has some limitationgpredominantlyhe small cohortsize which makes

it difficult to make firm conclusions. Further studies with larger cohort sizes, individuals
at different stages of infection (newly diagnosed vs being treated long tenmYiffer

in disease severity and condition will help in better understandingut@icrobiome
andresistome profile of this patient group. Further, due to the chronic antibiotic exposure
in CF care, it would be helpful to study the longitudinal microbiome and resistome profile
in CF individuals of all age groups, which will help to study resistancggpence and
changes over time as studies report decreagihmicrobiotadiversity with age (Nielsen

et al., 2016). Our analys&scused only on resistome profile differences of the two groups
and did not look asingle nucleotide polymorphisnes pointmutations, which could also

be a contributing factor worth studyidge to its association with antibiotic resistance
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However this study highlights the importance of studyiggt resistome and microbiome
profiles in patients with chronic antibiotic eoxgure, so that careful antibiotic stewardship
measures can be developed by considering thdeskfit ratio for the patient group and

the community. The examination GF individuals' gut microbiota and resistome profile
presents a prospect for the deyghent of probiotics, which can be used to limit the
changes in microbial compositiotihus limiting the alterations in metabolite production
affecting patient health. Studies have reported that probiotic administration to CF
individuals reduces intestinainflammation, hospital admissions and pulmonary
exacerbations (Bruzzese et al., 2007, 2014; Weiss et al., 2010). Furthesmmalstudies

will help develop personalised precision medicines and treatments for CF individuals

while simultaneously fightinghe resistome issue
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6.9 Supplementary tables

Table %.1: LEfSe LDA effect size score andvalue for significant features titegenera

level.
feature log of highest| feature_enri| LDA effect | p-value
class average | ched_cohort size
g_ Coprococcus | 4.683911245 Control 4.401867 0.03263
g__Flavonifractor | 3.178697195 CF 3.829288 0.04951
g_ Coprobacillus | 3.335287449 CF 3.610929 0.007397
g__Lactobacillus | 3.707529962 CF 3.716033 0.02223
g__Barnesiella 4.27730536 Control 4.048424 0.007397
g_ Blautia 5.017799064 | CF 4.698476 0.016309
g__Enterococcus | 4.978101063 CF 4.614802 0.007397
g__Faecalibacteriu| 4.549470041 Control 4.206192 0.002802
m
g__Adlercreutzia |2.471921648 Control 4.623487 0.02223
g__Clostridium 5.076356818 | CF 4.729345 0.003885
g__Dorea 4.442866638 | Control 4.175714 0.04632

Table $.2: LEfSe LDA effect size score anevalue for significant features thtespecies

level.
feature log of | Feature LDA p-value
highest enriched | effect size
class cohort
average

s__ Bifidobacterium_longum | 4.53231 Control 3.961777 | 0.04632
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s__Adlercreutzia_equolifacien| 2.450487 | Control 4.49664 | 0.02223
s__Barnesiella_intestinihomin| 4.254815 | Control 4.049568 | 0.007397
S

s__ Faecalibacterium_prausnit 4.538161 | Control 4.224192 | 0.002802
zii

s__Enterococcus_faecalis 4936658 | CF 4551878 | 0.007397
s__Ruminococcus_gnavus 4.898391 CF 4.604546 | 0.022487
s__Flavonifractor_plautii 3.171377 | CF 3.669287 | 0.04951
s_ Clostridium_hathewayi 3.486421 | CF 3.57922 | 0.020096
s__Lachnospiraceae_bacteriul 3.520937 | CF 3.473938 | 0.007397
m_1_1 57FAA

s_ Blautia_producta 3.881229 | CF 3.676417 | 0.02223
S__Lachnospiraceae_bacteriu| 3.643299 | Control 3.62877 | 0.04951
m_5 1 63FAA

s_ Clostridium_clostridioform| 4.821948 | CF 4570319 | 0.022487
e

s_Dorea_formicigenerans 3.880082 | Control 3.668189 | 0.049336
s__Anaerostipes_unclassified| 3.464199 | CF 3.476088 | 0.02223
s__Coprobacillus_unclassified 3.32171 CF 3.36148 | 0.007397
s__Streptococcus_thermophil{ 4.1133 CF 3.706251 | 0.049336
S

s__Alistipes_putredinis 4.62819 Control 4.348902 | 0.04951
s__Coprococcus_comes 4.374467 | Control 4.054879 | 0.021025
s__Ruminococcus_torques | 4.093516 | CF 3.822113 | 0.020096
s__Eggerthella_lenta 3.148434 | CF 3.502648 | 0.021025
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7 Chapter 7

General Discussion
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7.1 Discussion

Growing resistance and slowed manufacturing of new antibiotics mean we must use the
available antibiotics cautiously. However, antibiotics are often misused, such as their use
in viral infections (Houten et al., 2019) and overused, such as prophylaciit fasm

animals (Oikonoumou et al., 2020). Antibiotic resistance development data can help

design antibiotic stewardship programs and aid in the development of new antimicrobials.

It is now known that antibiotic resistance genes (ARGSs) produced in emerenent

can be easily transferred to anoth#moving between humans, animals, and the
environment, making it a Ordealth issue (Kim & Cha, 2021). mibiotics and
antibioticresistant strains can leadtb@ formation of multidrug resistant (MDR) stras,

which can complicate patient care, increase the cost and decrease the effectiveness of
treatments, and affect the host microbiome composition, which can adversely influence
host immune and metabolic functiom¥etailed studies are thus required to exsarhe
prevalence and source of ARGs in antibieiposed and naive settings, allowing
medical workers and policymakers to make informed decisions promoting the judicial

use of antibiotics.

Studies included in this thesis focused on the presence aist@ece of ARGHE various

settingssuch as bovine colostrum and mitklowing dry cow therapy (DCT) with and
without antibioticsthe infant guimicrobiome followingdifferent modes of delivery and
antibiotic treatment or nogndthe adult cystic fibreis (CF) gut microbiome which is

invariably exposed to chronic antibiotic treatment

Chapter 1 reviewed and described in detail gbtential modes of vertical transfer of
antibiotics and antiicrobiatresistan{AMR) strains to infants, as mother is culesed

to be the most influential source thfe microbiome for infants. Studies have reported
passage of antibiotics and/or AMR strains through breast anitkin-utero, which is
alarming agheinfant microbiota is highly fragile, and alterations in early life can have

long-term impressions on health.

Chapter 2 further discusdand providd a detailed overview of theegative impact of

antibiotics on host health both with and without mediakigthe microbiota.

One of the major risk factors for accelerated AMR is the routine veterinary use of

medically important classes of antibiotics in treatments such as DCT. ARGSs in-animal
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associated microbiomes can be transferred from one bacterium b@rhgthorizontal
gene transfer and can enter humans through the food chain (Founou et al., 2016). We thus
examined the effect of prophylactic antibiotic use in cows before lactation, a process
termed dry cow therapy, on milk microbial and resistome g®f{Chapter 3). Bovine
milk was chosen as it can be involved in the spread of ARGs through the food chain via
human consumption. Based on the analysis, ARGs were present in colostrum and milk
microorganisms from all farms under investigation with highemdiance in antibiotic
treated groups, thus acknowledging the need for further studies to examine the source of
these ARGs. We further found that the microbial composition varied from colostrum to
milk with increasing diversity over time in antibioficcaed groups. Such a difference in
alpha diversity in the antibiotiteated group suggests the negative impact of antibiotics
on the milk microbiomeThe microbial composition of the neantibiotictreated group
was significantly different from the antibiotireated group (Beta diversity), though
several common milk genera were found in all the grpspsilar to that reported by
Basbas et al. (2022)Brachybacterium, Brevibacterium, Microbacterium, Kocuria,
Corynebacteriunwereobserved in all three groupsontrol group+no antibioticsUbro
Red Cephaguard DCwith some genera includindg.actobacillus, Corynebacterium,
Ottowia, Kocuria and Microbacteriurshowing increases over time in antibietieated
groups Several factors including farm hygiersgason, and indoor vs. outdoor housing
can affect the microbial composition and thus resistome profile and are factors that must
be considered in future studieddgrakhshanket al., 2018). Furthermore, recent studies
have reported a slight change in milkcrobial composition during the transition to
mastitis, suggesting a mastitislated microbiota (Taponen et,&019; Pang et al., 2018;
Lima et al., 2017). In the present study, mastitis preventative treatments (use of antibiotics
during DCT) did not sbw any significant variations in microbial diversity compared to
the control group, but high abundance of ARGs was observed. Maatitsing
pathogens were also not abundantly detected imahentibiotictreatedgroup. Thus,
these data support usinglpteat sealants for DCT and reducing antibiotic treatments for
probable infections without any diagnosis. The presence of ARGs in cow milk is of
concern due to the risk of its transfer to humans through the food chain. Inclusion of
swabs from the environemt including bedding and water pipes in future studies will also
help to examine the source of ARGs in colostrum and milk of cows unexposed to
antibiotics. Further studies with both cow milk samples and corresponding calf fecal
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samples will enhance our derstanding of the vertical transmission of ARGs in this

setting and help understand the impact of ARGs in early life in calves.

The neonatal period and infancy is the most crucial stage from the viewpoint of
microbiota and immune functioning developmettith both processes working hand in
hand. Ths, the early life microbiotaforms the fomdation of health in adult life and the
microbiome ceevolves with the host through childhood, with several factors such as
gestational age, delivery mode, feedingitsabnd antibiotic uptake affecting/shaping it
(Arrieta et al., 2014). Gection infants often have an altered gut microbial composition
and are associated with a higher risk of hospitalisation and infecGbmstenseret al.,

2018), this could mean higher antibiotic administration to avoid sepsis and other probable
infections in early life. Chapter 4 thus examined infants’ microbiota and resistome
development in early life from week 1 to year 2. This study includes throups based

on antibiotic exposure during the first four days of life and mode of delivery (vaginally
delivered/neantibiotics [VDnoab]; caesarean delivery with antibiotics [Csab]; caesarean
delivery/neantibiotics [CSnoab]). It was observed that antib use in early life had a
strong and longerm effect, which was more prominent than delivery mode on the
microbiota, in line with the results of Reyman et al. (2022). Furthermore, CSab group had
a doubledisadvantage as the infants in this group ab®rn by CS and administered
antibiotics * consequently showing higher abundance of pathobionts with delayed
colonisation of Bacteroidetes. VD infants had higher abundance and prevalence of taxa
belonging to phyla Actinobacteria and Bacteroidota. Thesdtsesre in accordance with
previous studies (Reyman et al., 2019; Parnenen et al., B@8inguezBello et al.,
2010). A high abundance of ARGs in infants in early life linked to Gammaproteobacteria
taxa similar to Parnanen et al., (2018) was also obdehe CSab group was positively
associated to various antibiotic classes including aminoglycosides, fluoroquinolones,
penams, tetracyclines, MDRsome of which are the same class of drugs administered to
infants in this group. Similar to recent studigebeaux et al., 2022; Li et al., 2021,
Parnanen et al., 201&8scherichia colivas found to be highly correlated to ARGs. Based

on the 1449 MAGs generated as part of the assebddgd analysishe persistence of
bacteria and ARGs was detected usingngént parameters. Persistence analysis of the
microbiota and ARGs showed that taxa belonging to the gBifidobacteriumand

Bacteroideswere generally persisters in all infants with Proteobacteria as persisters
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observed in the CSab group. Most of the@ddid not persist up to two years of age and
were lost with the transition of bacteria from early life to age twebi@8 and antibiotic

use is associated with colonisation by several pathobionts; possibly the use of antibiotics
in CS infants resultedhithe positive selection of these taxa and, consequently, the high

ARG association, which were lost over time as the microbiota developed.

Chapter 5 investigated the resistome profile of infants under three years of age, by
conducting a metanalysis to tdy the global burden of ARGs on the infant gut. After a
comprehensive search, shotggeguencing data was downloaded from 26 studies
including infants under three years of age and used for microbial and resistome data
analysis. These data were also usggart of another study (Zeng et al., 2@22tached

in appendix) to generate a compendium of 32,277 difelygut genomes, which were

used in the present study for antibiotic resistance analysis. This analysis showed a high
overall ARG abundance in thimfant gut globally, with antibiotic classes namely
glycopeptides, fluoroquinolones, tetracycline, and macrolides being the most abundant.
The highly abundant antibiotic classes were carried mostly by-gesative bacteria,

many of which are known pathigints in early life, such aBscherichia, Enterobacter,
Citrobactera,and Klebsiella Further, building on the reported relationship between the
socioeconomic status of a country and its healthcare access and quality (HAQ) index
(Mallah et al., 2022¢BD 2016 Healthcare Access and Quality Collaborafave also
observed a direct relationship between status and HAQ index to ARG abungitice
countries that have a higher socioeconomic status and receive better healthcare access
presenting higher ARG abdance in infants in early life. An association between
delivery mode and ARGs, with CS infants showing higher ARG abundance (as observed
in Chapter 4), was also observed. Similar to our previous results (Chapter 4), a decrease
in ARG abundance with increag age was found. This could be attributed to the highly

dynamic and evolving microbial profile in infants in early life.

Results from Chapters 4 and 5 provide a picture of the global ARG abundances in infants
below three years of age, showing high lewal ARGs even in antibiotinaive infants.

MAGs used in Chapters 4 and 5 allow thorough analysis of the microbial and resistome
profile. The presence of high abundance of ARGs, even in infants not exposed to
antibiotics is alarming as this could affece tunctionality of the microbiota. Strategies

like stricter antibiotic stewardship programs, guidelines for antibiotic use in pregnancy,
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and probiotic use in infants can help reduce the overall ARG burden on the infant gut
microbiome (Abo et al.,, 2022; Qor et al., 2022; Casaburi et al., 2019). Further
longitudinal studies with deeper sequencing depth in early life are needed to better
understand the impact of prenatal and postnatal prophylactic antibiotic use in later life.
This will allow for generatiorof larger and higher quality MAGs that can be used for
detailed strain and ARG tracking. Further, this will add to the Heéeygut genome

reservoir, which can help in identifying potential probiotic strains.

While the work presented in earlier chaptéwcused on the gut and milk resistome and
microbiota profile in infants or in a situation where antibiotic use is acute and preventable,
Chapter 6 was designed to examine the resistome and microbial profilechutoemnc
antibiotic use is inevitable. Chip 6 was designed to examine the effect of chronic
antibiotic exposure to treat respiratory infections in adult CF patients on the gut resistome.
This study was planned as an extension of a previous study (Fouhy et al., 2017) with the
aim to study the alhgance of ARGs and virulence factat8RGs and virulence factors

such as biofilm formation can lead to MDR bacteria, which can complicate treatments in
this group. Interestingly, Fouhy et al. (2017) observed a difference in the gut microbiota
functionality of CF subjects recruited as part of the CFMATTERS cohort vs. healthy
controls. The present analysis demonstrated a higher abundance of total ARGs and
virulence factors in subjects with CF similar to previously reported results by Taylor et
al. (2021). Diferential abundance testing on the antibiotic resistance classes using
MaAsLin2 showed a positive association of the CF group to antibiotic classes such as
aminoglycosides, MDR, macrolide, oxazolidinone, tetracycline, fluoroquinolone,
streptogramin, diamopyrimidine, sulfonamide, sulfone, tetracycline, lincosamide,
mupirocin zmost of which were drug classes administered to CF individuals in this study.
Microbial analysis revealed the prevalence and stronger association of commensals such
asDorea, Coprooccus, Faecalibacterium, BarnesieladBifidobacterumwith healthy
controls, while a mix of commensals and pathobionts suétggsrthella, Clostridium,
Streptococcus, Flavonifractor, Enteroccowsss associated with CF individuals. This
difference in merobial composition was associated with the overall health status of the
individuals. It influenced the abundance of fridyosomal peptidesynthetase$NRPS)
secondary metabolites that are generally high in stressful conditions. However, no

significant diference in microbial diversity was observed between the two groups, in
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contrast to that reported in a previous study of children with CF (Coffey et al., 2019). This
could be because the adult gut microbiota is more stable and resilient than that af,childre
and may have adapted to the ldegm antibiotic usage in this study. Given the high
abundance d?P. aeruginosand other grasmegative bacteria in CF individuals, detailed
longitudinal studies with larger cohorts are needed to examine the transmsigntial

of ARGs. Indeed, such bacteria are reported to have high abundances of inherited and
acquired ARGs in their genomes, which can be transferred to the wider community
(Woodford et al., 2011). While recent studies have reported the gut microbiota
composition in individuals with CF (van Dorst et al., 2022), the present study sheds light
on CF individuals' previously unexplored gut resistome profile. Future studies involving
baseline samples based on genetic determination of CF along with sampl€¥post
detection will help in understanding the transition of bacteria and resistome profile before

and after chronic antibiotic exposure in this patient group.

The results from this thesis provide a comprehensive picture of the effects ofttiagle

and chraic antibiotic usage on microbiota and resistome profiles by generating and/or
analysing metagenomics shotgun sequencing biegapective of the dosage of antibiotic

and the environment, we observed high ARG abundance in the bacterial composition
analyse. Though there are several advantages of using shotgun metagenomics
sequencing (Ranjan et al., 2016), a major drawback is that only the abundance of genes
responsible for the underlying function can be calculated and the answer to whether the
gene is funttonal or not remains unknown. In addition, when using genomic data to
predict results, it is unknown if the organism is alive or dead; thus, results can lead to
false positives. Using cultwigased techniques, along with m#tanscriptomics and
metabolonts analyses can help overcome this issue. Further,-igaait shotgun
sequencing data can lead to shorter contigs during genome assembly and, thus, smaller
genome sizes, which can mean lower chances of matching with a reference genome. More
recent longread sequencing platforms, such as PacBio, and Oxford Nanopore platform,
combined with shoftead sequencing can allow detailed distinction of reads between taxa
without compromising sequencing accuracy. Studies using mixed sequencing along with
other omicstechniques can help to attain-depth knowledge of densely populated

environments such as the gut and sparsely populated samples such as milk.
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Further studies that focus on the virome profile of infant gut and bovine milk along with
the bacterial profilewill help better understand the transfer of ARGs within the
microbiota. Future studies will also benefit from using baseline samples before antibiotic
use and following up with subjects for samples faodtbiotic use, this will allow the
tracking of ARGdevelopment and spread. Furthermore, studies that focus on microbiota's
functional profile and resistance pattern will help delineate the relationship between
microbial resistome and functional profile. Overall, this thesis's results will help
formulate seeral research questions for future studies such as; what is the origin of ARGs
in bovine milk in the absence of antibiotic exposure on Irish farms? How does the high
initial ARG diversity impact the longerm functional profiling of the microbiota? Can

ARG abundance be reversed by probiotics or other microbial reinforcements in early life?
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Age-speci c reference genomes of the human gut microbiome can provide
higher resolution for metagenomic an  alyses including taxonomic classi  ca-
tion, strain-level genomic investigat ion and functional characterization. We
present the Early-Life Gut Genomes (ELGG) catalog with 32,277 genomes
representing 2172 species from 6122 fecal metagenomes collected from chil-
dren under 3 years old spanning delivery mode, gestational age, feeding pat-
tern, and geography. The ELGG substan tially expanded the phylogenetic
diversity by 38% over the isolate micr obial genomes, and the genomic land-
scape of the early-life microbiome by in  creasing recruitment of metagenomic
reads to 82.8%. More than 60% of the ELGG species lack an isolate repre-
sentative. The conspeci ¢ genomes of the most abundant species from chil-
dren differed in gene diversity and fu nctions compared to adults. The ELGG
genomes encode over 80 million protein sequences, forming the Early-Life Gut
Proteins (ELGP) catalog with over four million protein clusters, 29.5% of which
lacked functional annotations. The ELGG and ELGP references provided new
insights into the early-lif e human gut microbiome and will facilitate studies to
understand the development and mech anisms of disturbances of the human
gut microbiome in early life.

The human gut microbiome —the vast microbial ecosystem present in the early-life gut microbiome remain scarce. Having high-quality and
the gastrointestinal tract —has been suggested to play diverse and extensive reference genomes of the early-life human gut microbiome

crucial roles in host health and various diseases throughout the course can improve the resolution and accuracy of taxonomic and functional

of life *2. The acquisition and development of the gut microbiome in analyses, which is essential for driving future early-life microbiome
early life have long-lasting effects on the structure and function of this studies.

microbial community later in life  °. Despite the increasing number of Tremendous efforts have been undertaken to increase the num-
studies providing substantial insights into the early-life gut ber of isolate reference genomes from the human gut, such as the

microbiome “~°, extensive genome-resolved metagenomic analyses of Human Microbiome Project (HMP) *°, the Human Gastrointestinal
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Bacteria Genome Collection (HGG) *, and Culturable Genome Refer-
ence (CGR)? however, the currently available reference genomes
representing the human gut microbiome are still underrepresented 3%,
Therefore, in parallel to culturing, de novo assembly of shotgun
metagenomic reads and binning in to metagenome-assembled gen-
omes (MAGs)—a culturing-independent and reference-free approach —
is thought to be a useful strategy to ef  ciently discover the potential
microbial diversity that is recalcitrant to the current culturing
approaches in the laboratory. Using MAGs has provided massive
expansion of the tree of life from different environmental nicnes >
Studies have described some of the dynamic microbiome changes
including taxonomic composition and strain-speci ¢ functional
adaptation that occur during early life compared to adulthood % For
instance, most strains of Bi dobacterium that dominated the gut
microbiome during breastfeeding and dissipated later in life typically
carry high numbers of gene cluster responsible for human milk oli-
gosaccharides (HMOs) utilization; whereas these gene cluster are no
longer present in most bi dobacterial strains after weaning °%.
Understanding strain-speci ¢ differences in gene content and function
also requires representative genomes of the early-life gut microbiome.
Previous MAGs studies either analyzed samples exclusively from non-
human gut source %, or from the human gut but with a relatively low
proportion of early-life fecal samples ***°. Additionally, unifying the
human gut genomes including MAGs and isolate genomes has indeed
substantially provided novel insights into the richness, diversity and
cultivability of gut microbiome at various taxonomic and functional
levels?. However, there is currently no large-scale catalog of MAGs
available speci cally designed for the gut microbiome in early life.

Therefore, in order to |l this gap, we speci cally analyzed 6122
fecal metagenomes from children under the rst 3 years of life, and
generated a set of 32,277 MAGs clustered into 2172 species-level
clusters together with 86,678,654 genes representing 4,036,936 gene
clusters, forming the Early-Life Gut Genomes (ELGG) and Proteins
(ELGP) catalogs, respectively. With these comprehensive sequence
collections, we characterized the taxonomic and functional pro le of
the early-life gut microbiome at the genome level and interrogated the
genomic variations present in the gut microbiome of children asso-
ciated with various clinical factors.

Results

Recovering 32,277 microbial genomes from over 6000 early-life

gut metagenomes

To elucidate differences in the early-life gut microbiome at the gen-
ome level and also to expand the genomes for novel human gut
lineages during early life, we employed a combination of metagenomic
assembly and binning on 6122 multi-country distributed metagenomes
across four continents from children from birth to three years old
(Fig. 1a; Supplementary Data 1). Compared to the metagenomes that
were used to build the Uni ed Human Gastrointestinal Genome
(UHGGY?, 1904 metagenomes overlapped. The MAGs were produced
by three different binning tools (i.e., MetaBAT %, MaxBin%, and
CONCOCT®), and then integrated and re ned to remove duplicates
and improve the quality of assembled genomes with metaWRAP ¢
(Fig. 1b). Following this pipeline, a total of 42,054 MAGs were met or
exceeded the medium-quality ( 50% completeness and <10% con-
tamination) based on the  “Minimum information about a
metagenome-assembled genome ” (MIMAG) standard ?’. In order to
provide stricter genome quality control, we selected those genomes
having completeness >50% and contamination <5% together with
genome quality score (de ned as completeness—5xcontamination,
QS) > 50 and free of chimerism (passed by GUNC *), resulting in 32,277
MAGs for subsequent analyses, which we referred to as the ELGG
catalog (Fig. Ic, d; Supplementary Data 2). The median size of the
32,277 MAGs was 2.59 megabases (Mb) (interquartile range,
IQR =2.08-3.75 MB) with N50 values between 1.7 kilobases and 2.8 Mb.

Among the ELGG catalog, 25,303 MAGs (accounting for 78.4% of the
total dataset) were >90% complete (IQR=97.3 —99.7%) and <5% con-
taminated (IQR =0.00 —1.04%), hereafter referredto as ‘near-complete ’
genomes. A subset of 4614 MAGs (18.2% of near-complete genomes)
had5S, 16 S and 23 S rRNA genes as well as at least 18 of the standard
tRNAs, which can be classi ed as the ‘high quality ' draft genomes
based on the MIMAG standard *’. The relatively low proportion of high
quality recovered MAGs was comparable with previous large-scale
studies of human gut MAGs ***? due to the typical challenge in the
MAGs assembled from metagenomes with short reads. The rest of the
ELGG catalog consists of 6974 medium-quality MAGs (>50% com-
pleteness and <5% contamination) (Fig. 1d). The other genome statis-
tics (including contig number and N50, genome depth, and relative
abundance) supported the consistent high quality of near-complete
MAGs compared to medium-quality MAGs even when the latter were
strati ed based on the QS at the threshold of 75 (Fig. 1c).

In line with previous studies **%, the ELGG catalog was further
investigated at the level of strain heterogeneity per genome by using
CMSeq", which has been suggested to represent a useful measure to
assess genome quality. We found that the median strain heterogeneity
(proportion of polymorphic positions) of genomes from the ELGG
catalog was 0.005% (IQR = 0.001 —-0.031%; Fig.1c), which is much lower
than the UHGG catalog (0.06%) that included the human gut samples
covering all ages % The near-complete genomes displayed a lower level
of strain heterogeneity compared to the medium-quality genomes
from the ELGG catalog (Fig. Ic).

A reference protein catalog for the gut microbiome early in life

To expand our understanding of the functions of early-life gut
microbiome, the protein-coding sequences (CDS) for each of the
32,277 MAGs were predicted, resulting in a total of 86,678,654 genes.
This accounted for 54.9% of all genes when taking the unbinned con-
tigs from the 6122 metagenomic samples into account. After clustering
the protein sequences at 95% amino acid identity, we obtained
4,036,936 protein clusters, forming the ELGP catalog. Rarefaction
analysis indicated a saturation point was still not reached as the
number of ELGP clusters steadily increased as a function of the number
of MAGs included (Fig. 2a), and this pattern was also observed with the
inclusion of all contigs from 6122 samples (Supplementary Fig. 1a),
which was in line with pervious observations *?°. However, when
removing protein clusters with one protein sequence, the number of
protein clusters approached saturation (Fig. 2a; Supplementary
Fig. 1a). This may suggest that although the microbial genes from
children gut microbiome are still underestimated, the majority of
undiscovered genes are likely to be rare. We further compared our
early-life gene catalog to the large protein database —Uni ed Human
Gastrointestinal Protein (UHGP) —that mainly includes microbial genes
from the gut of adults and clustered at 95% protein identity
(n=20,239,340) % This revealed that 2.9 million gene clusters from the
ELGP overlapped with the UHGP catalog, but there was a large pro-
portion (27.3%, n =1,076,116) from the ELGP not represented in UHGP,
and the total number of proteinsfro  m 1,076,116 clusters accounted for
5.4% when taking all 86,678,654 genes into consideration, underlying
the uniqueness of the gut microbiome of children. Among those pro-
tein cluster representatives exclusively from ELGP or UHGP, 27.6%
(n=296,624) and 30.1% (n=3,972,835) of representatives were
respectively annotated with a known function, and the rest of the
clusters were either putative or hypothetical proteins (Fig.
Therefore, our results provide a comprehensive collection of the gut
microbiome protein space early in life that may serve as a reference for
early-life gut microbiome research.

To better elucidate the functional diversity of the early-life gut
microbiome, we annotated gene functions of the ELGP catalog with
currently available databases, including Clusters of Orthologous Genes
(COGs), KEGG modules, level-4 Enzyme Commission categories (ECs),

2b).
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Gene Ontologies (GOs), and carbohydrate-active enzymes (CAZy). We
found that a total of 70.5% of genes from the ELGP had a match to at
least one of the databases of COGs (n=2,844,021 genes across 24
functional categories), ECs (n=722,946 genes matching 2658
enzymes), KEGG (©=533,759 genes from 674 modules), GOs
(n=256,861 genes from 10,461 orthologous groups), and CAZy
(n=46,392 genes matching 104 families) (Fig. 2c). These results
showed that a median of 88.7% (IQR =85.9 —91.0%) of genes per gen-
ome in the ELGG were annotated, and this rate was lower in genomes
from children at 36 months of age (a median of 89.1% at birth vs. 86.5%
at 36 months; linear model, p<0.0001) (Fig. 2d). Based on the dis-
tribution of COGs functions that matched the largest number of ELGP
genes, the most abundant genes wi th a known function present in the
ELGP were involved in transcription, replication/recombination/repair,

cell wall/membrane/envelope biogen esis, and carbohydrate transport
and metabolism (Fig. 2e). The most highly represented families of ECs,
KEGG, and GOs were DNA helicase (EC: 3.6.4.12), M00178 (ribosome,
bacteria) and biological process (GO: 0008150). The predominant
glycoside hydrolase family in the ELGP catalog was GH13, targeting the
hydrolysis of a wide range of simple and complex glycans including di-,
oligo-, and polysaccharides as well as related substrates, such as starch,

amylose, and pullulan ** (Supplementary Fig. 1b). We again obser-
ved that the majority of the investigated COGs categories (11/19) were
well-characterized at the rst few months, and then gradually
decreased as children aged (i.e., Wilcoxon test, FDR <0.05, when
compared to the annotated gene per genomes at birth to that from

36 months) (Fig. 2f).

Early-life MAGs belonging to 2172 species-level clusters

To explore the number of culturable species that were included in the
ELGG catalog, we clustered 32,277 MAGs together with 187,555 isolate
reference genomes from NCBI RefSeq and two human gut culturing
studies**'2 The species-level clusters (SGBs for species-level genome
bins) were computed by using a multistep distance-based approach
with at least 95% average nucleotide identity (ANI) and at least 30%
overlap of alignment fraction (AF) (Methods). A total of 23,307 SGBs
were generated, and the MAGs from the ELGG catalog were distributed
into 2172 SGBs (Fig.3; Supplementary Data 3). Among the 2172 SGBs,
only 774 SGBs contained isolate reference genomes (denoted as cSGBs
for cultured SGBs) containing 86,283 isolate reference genomes and
29,367 MAGs. A large proportion 0of 99.8% ( n =86,132) of 86,238 isolate
reference genomes were near-complete (Supplementary Fig. 2). The
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annotation across the

ve functional categories and their degree of overlap. Vertical bars represent the
number of proteins unique (color) to each functional category or shared (black)

between the speci c functional categories. Horizontal bars in the lower panel
indicate the total number of proteins with functional annotation in each functional
category. d Dynamics of the rate of protein characterization of ELGP along with the
age of children. e COG functional annotation of the ELGP catalog clustered at 95%
amino acid identity. Only functions with >5000 genes are plotted. f Dynamics of the
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identity in response to the age of children. Vertical bars from left to right represent
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other 1398 SGBs contained exclusively 2910 MAGs in total (denoted
uSGBs for uncultured SGBs), indicating that 64.4% of the ELGG SGBs
(9% of total MAGS) lack isolate genomes (Fig. 3a). When compared to

the 4644 representatives of the UHGG using a dist

ance cutoff of 0.05

(95% ANI), 13.4% of ELGG SGBs lacked a match to the UHGG. By
counting the number of MAGs within each SGBs, it was observed that
cSGBs represented the largest clusters, while uSGBs tended to be the

rarest, with 1003 of uSGBs represented by a single
in line with the previous studies reconstructing
environmental and host-associated microbiota

genome, which was
MAGs from the
151622 nterestingly,

cSGBs with >50% MAGs outnumbered uSGBs with 0 -50% MAGs for
clusters containing three or more genomes, underscoring the dis-
covery power of large metagenomic cohorts (Fig.  3b). The early-life
human microbial phylogenetic diversity of the 2171 bacterial SGBs was
increased by 38% with the uSGBs, indicating the utility of these gen-
omes to improve the classi cation of sequences from the early-life
microbiome (Fig. 3c). The median pairwise distances of genomes
within SGBs was 0.020 (IQR =0.014 —0.029) when including references
and MAGs and 0.020 (IQR=0.013-0.029) when only consider-
ing MAGs.
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