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Abstract

Background Intestinal dysbiosis is implicated in the origins of necrotising enterocolitis and late-onset sepsis in pre-
term babies. However, the effect of modulators of bacterial growth (e.g. antibiotics) upon the developing microbiome

is not well-characterised.

In this prospectively-recruited, retrospectively-classified, case—control study, high-throughput 16S rRNA gene
sequencing was combined with contemporaneous clinical data collection, to assess the within-subject relationship
between antibiotic administration and microbiome development, in comparison to preterm infants with minimal

antibiotic exposure.

Results During courses of antibiotics, diversity progression fell in comparison to that seen outside periods of antibi-
otic use (-0.7 Tunits/week vs. 4 0.63units/week, p <0.01); Enterobacteriaceae relative abundance progression conversely
rose (+ 10.6%/week vs. -8.9%/week, p <0.01). After antibiotic cessation, diversity progression remained suppressed

(+ 0.2units/week, p=0.02).

Conclusions Antibiotic use has an acute and longer-lasting impact on the developing preterm intestinal microbi-
ome. This has clinical implications with regard to the contribution of antibiotic use to evolving dysbiosis, and affects
the interpretation of existing microbiome studies where this effect modulator is rarely accounted for.

Introduction

Intestinal dysbiosis is increasingly implicated in the
pathophysiological origins of preterm neonatal con-
ditions such as necrotising enterocolitis (NEC) and
late-onset sepsis (LOS), leading to an interest in under-
standing the development of the microbiome in these
settings.
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Technologies such as high-throughput 16S rRNA gene
sequencing have allowed an enhanced depth and breadth
of microbial analyses [1-3]. Considering the evolu-
tion and variation in neonatal practice across time and
between units, it is unsurprising that variable patterns
of microbiome development have been described across
studies [4, 5]. Some consistent trends have however been
identified and replicated using different methodolo-
gies. Typically, that after an initial period of dominance
by staphylococci, the relative abundance of Enterobacte-
riaceae increases, subsequently supplanted by a variety
of (often anaerobic) taxa into later preterm life [1, 3, 6,
7]. Overall diversity of the bacterial community increases
with postnatal age.

The effect of potential modifiers of microbiome devel-
opment encountered during the course of preterm
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neonatal care is, however, not well understood, nor
accounted for in analyses; antibiotics represent one such
intervention. Numerous studies have demonstrated
differences in microbiome development in antibiotic-
exposed infants, such as a reduction in the relative
abundance of typical commensal organisms (e.g. bifido-
bacteria, lactobacilli) [8-12]; and an increased relative
abundance of taxa within the Proteobacteria phylum,
particularly the family Enterobacteriaceae (1, 2, 13, 14]. It
is not possible, however, to delineate a temporal relation-
ship between antibiotic use and associated dysbiosis.

A barrier to understanding this association lies in the
manner in which analyses occur at population-level,
rather than on an individual subject level, where the
relationship between the stimulus (antibiotic use) and
response (dysbiosis) can be more readily elucidated.
Amalgamation of analyses from these populations of
infants with their potentially diverse microbial commu-
nities [11, 12], and without accounting and controlling
for these potential confounders may lead to misleading
conclusions. If the associations described in population-
level analyses are legitimately causative, this is of impor-
tant clinical relevance, in light of the widespread use of
antibiotics in the preterm population [15]. The aim of
this study was to evaluate these purported associations
through a high-fidelity assessment of intestinal micro-
biome development in preterm infants on an individual
subject-level, during predefined episodes of purported
clinical and microbiome stability, and discrete episodes
of antibiotic administration.

The shift towards increased proportions of potentially
pathogenic Enterobacteriaceae and reduced commen-
sal organisms is at the heart of the dysbiotic origins of
the proposed mechanisms of NEC and LOS in preterm
infants. Commensal organisms augment gut health
through enhanced intestinal activity and growth [16, 17];
improved luminal barrier integrity [16]; and immune-
tolerance induction [18, 19]; with their reduction, these
actions are attenuated. Conversely, increased propor-
tions of Enterobacteriaceae heighten the risk of interac-
tion between elevated TLR4 levels within the preterm gut
[20] and Gram-negative, lipopolysaccharide-expressing
bacteria, resulting in downregulation of intestinal growth
[21], ischaemia [22] and ultimately catastrophic immune
activation.

Results

Study population and samples

There were 158 eligible infants admitted to the neonatal
unit during the study period; of these 76 were recruited
into the study after informed consent. Five subjects did
not continue in the study long enough to have a stool
sample collected (due to withdrawal, transfer out of the
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unit, or death), so microbiome composition data from 71
subjects were analysed (see Fig. 1). Of these 71 infants,
35 met the eligibility criteria for inclusion in Groups 1 or
2a/b; the remaining 36 infants are not discussed in this
paper.

14 subjects were assigned to Group 1 (‘minimal antibi-
otic-exposure’), with one subsequently being retrospec-
tively excluded on the basis of their incongruence with
the remainder of the group (i.e. uniquely a positive his-
tory of chorioamnionitis; significantly lower birthweight
and gestational age; and early study cessation). 21 sub-
jects were eligible for Group 2a (‘during antibiotics’); of
those, 16 remained eligible to be included in Group 2b
(‘post-antibiotics’). Subject demographics are outlined
in Table 1. Subjects in Group 1, whilst still moderately
preterm, were born at later gestational age (p<0.01) and
higher birthweight (p <0.001) than those in Group 2a.

Subjects in Group 1 received antibiotics for a median
of four days (range 2-10). The courses of antibiotics in
the subjects in Group 2a commenced at a mean post-
menstrual age of 3172/40 and lasted for a median of five
days (range 3—12). The period post-antibiotics in Group
2b commenced at a mean postmenstrual age of 3271/40.

158 subjects
eligible for
recruitment

35 subjects’ families not approached for consent

. Research team unavailable to consent (n=13)
Social concerns (n=8)

Concerns regarding infants’ short-term survival
(n=11)

Infant ineligible due to positive maternal serology
to HIV/HBV (n=3)

123 subjects’
families approached
for consent

47 subjects’ families did not provide consent
Parents did not provide consent within the
allowable time period (n=25)

Parental refusal (n=22)

76 subjects recruited
to the study

Stool not collected from 5 subjects prior to
cessation in study

71 subjects recruited

tothelstudy \

36 subjects not 14 subjects\ /21 subjects
P a ( [

withinremitof | | eligible for \ | eligible for
this study \ Gruup 1 | Group 2a )

13 subjects 16 subjects
selected for eligible for
Group 1 Group 2b

Fig.1 Recruitment Flowchart
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Table 1 Demographics of Subjects
Group 1 Excluded subject Group 2a Group 1 vs. Group 2b
Total (n=13) Total (n=21) Group 2a Total (n=16)
p-values
Gestational age, mean (SD),  30(0.8), 29.1-31.7 264 27.7 (2.3),23.6-31.3 0.002* 28.3(2.2),24.9-31.3
range, weeks
Birthweight, mean (SD), 1347 (215), 1020-1780 1050 957 (294), 600-1835 0.0002* 982 (316), 600-1835
range, grams
Gender, n'’/n 7/13 (54%) Male Female 12/21 (57%) Male 0.85 9/16 (56%) Male
Plurality of pregnancy, n'’/n 5/13 (38%) singletons Singleton 17/21 (81%) Singletons  N/A 13/16 (81%) Singletons
7/13 (54%) twins (inc. two 2/21 (10%) Twins 2/16 (13%) Triplets
pairs) 2/21 (10%) Triplets 1/16 (6%) Twins
1/13 (8%) triplet
History of abnormal Dop- 5/13 (38%) No 3/21 (14%) 0.11 3/16 (19%)
plers, n’/n
Small for gestational age n'’/n - 1/13 (8%) No 6/21 (29%) 0.14 6/16 (38%)
Prolonged rupture of mem- 2/13 (15%) Yes 7/21 (33%) 0.25 4/16 (25%)
branes prior to delivery, n'/n
Antenatal steroids com- 9/13 (69%) Yes 14/21 (67%) 0.88 11/16 (69%)
pleted > 24 h prior to delivery,
n’/n
Associated diagnosis of 0/13 (0%) Yes 8/21 (38%) 0.01* 5/16 (31%)
chorioamnionitis, n'/n
Maternal peripartum antibi-  4/13 (31%) Yes 4/21 (19%) 043 4/16 (25%)
otic use, n’/n
Location of delivery, n'/n 13/13 (100%) Inborn Inborn 20/21 (95%) inborn 1.0 16/16 (100%) inborn
Primary cause of preterm 5/13 (38%) Pregnancy- PPROM 6/21 (29%) PPROM N/A 4/16 (25%) Preterm
birth, n'’/n induced hypertension 5/21 (24%) Preterm labour without PPROM
4/13 (31%) Poor fetal growth labour without PPROM 4/16 (25%) Pregnancy-
2/13 (15%) PPROM 4/21 (19%) Pregnancy- induced hypertension
1/13 (8%) APH induced hypertension 3/16 (19%) PPROM
1/13 (8%) Poor fetal growth 2/21 (10%) Poor fetal 2/16 (13%) Poor fetal
in sibling growth growth
2/21 (10%) Poor fetal 1/16 (6%) Poor fetal
growth in sibling growth in sibling
1/21 (5%) APH 1/16 (6%) APH
1/21 (5%) Decreased 1/16 (6%) Decreased
fetal movements fetal movements
Apgar score at 5 min, median, 9,6-10 6 9,2-10 0.08 9,2-10
range
Worst BE within first hour, —43,—112to— 22 —35 —47,—173to—1 0.73 —46,—9to—1
median, range
Temperature on admission, 36.5,35-38.3 37.1 36.8,36-37.8 0.52 36.8,36-37.8
mean, range, °C
Mode of delivery, n'/n 13/13 (100%) Operative Vaginal 13/21 (62%) Operative  0.01* 11/16 (69%) Operative

" Significant at p <0.05

2229 samples were obtained from subjects during the
course of the study (median 30 samples/subject [range
1-67]). In view of restrictions on numbers of samples,
1434 progressed to DNA extraction. Following exclusion
of samples without detectable DNA following PCR and
removal of samples with <5000 sequences, 1193 samples
remained (19 samples/subject [range 1-41]).

Of the 14 subjects eligible for inclusion in Group 1,
after exclusion of the one clinical outlier (described

above), analyses were conducted on 233 samples
(median 19/subject). Of the 21 subjects with clinical
episodes eligible for inclusion in Group 2a (i.e. clinical
sepsis, or microbiologically-proven sepsis), analyses
were conducted on 93 samples (median 4/subject). Of
the 16 subjects with clinical episodes eligible for inclu-
sion in Group 2b (i.e. an antibiotic-free period, post-
antibiotic course), analyses were conducted on 133
samples (median 8/subject).
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Microbiome progression in group 1 (minimal antibiotic
exposure)—see Fig. 2

Diversity was seen to increase proportionally with post-
natal age, with individual trajectories ranging from 0.15
to 1.27 units/week. The weighted mean rate of diversity
progression in Group 1 was 0.63units/week (weighted
95%CI1=0.44-0.82).

The most abundant family-level taxon in Group 1
was Enterobacteriaceae (with a weighted, normalised
median AUC of 70.3% [95% CI=58.4-78.5%]) which
was seen ubiquitously across all subjects and samples.
Enterobacteriaceae was seen to fall from a peak abun-
dance (weighted median 96.3% [95.3-99.6%] at around
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an average of Day 13 [10-16]), at a mean rate of decline
of — 8.9%/week (95% CI=— 5.7 to — 12.2)—see Fig. 2.

In contrast with the falling relative abundance over
time of Enterobacteriaceae, other taxa were seen to
develop within the intestinal bacterial community in
Group 1 as postnatal age increased. Veillonellaceae
(10.4% [4.5-18.0%]) and Enterococcaceae (3.3% [0.9-
4.3%]) were seen in samples across all subjects in the
group, and increased in relative abundance proportion-
ally with postnatal age (Veillonellaceae weighted median
increase of 1.4%/week [95% CI 0.01-3.7]; Enterococ-
caceae 0.4%/week [0.07-1.3]).

Other taxa were also seen in significant median relative
abundances (Staphylococcaceae 2.9%; Bifidobacteriaceae
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Fig. 2 A Composite plot of individual trajectories of longitudinal diversity progression in stable babies minimally-exposed to antibiotics (Group
1) shown in grey. The subject with chorioamnionitis who was excluded from all calculations of mean trajectories is shown in red. Weighted

mean trajectory (thick black line)—

gradient labelled in green. 95%Cl for weighted mean trajectory denoted by dotted lines. B Composite graph

demonstrating the three components of assessed Enterobacteriaceae relative abundance progression in stable infants minimally-exposed to
antibiotics (Group 1): weighted median peak relative abundance (purple); weighted mean time to peak relative abundance (blue); weighted

mean regression coefficient of fall from peak (black, with 95%Cl denoted by accompanying dotted lines), with gradient shown in green; individual
weighted regression coefficients from which the mean is derived (grey). As in A data from the excluded infant with chorioamnionitis (red) is not
included in the calculations. CLongitudinal taxonomic profiles of the majority taxa in stable babies minimally-exposed to antibiotics (Group 1; a-m),
and the excluded subject (n), highlighted in red. Horizontal red arrows indicate periods of antibiotic administration; black spots on horizontal access
represent samples from which no DNA was extracted. Weeks of life is indicated on the x-axis
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2.5%; Clostridiaceae 2.3%), but were either inconsistently
present across subjects within the group, or displayed
no trends, thus precluding group-level quantitative
descriptions. However, despite their relative low median
abundances, at times these taxa represented signifi-
cant proportions of the intestinal bacterial community.
Staphylococcaceae were temporally skewed to samples
from an early postnatal age, where they could represent
nearly 100% of the detected taxa; Bifidobacteriaceae were
conversely skewed to the later preterm period, but could
represent >25% of detected taxa at these times. Indeed,
some taxa (i.e. Streptococcaceae and Bacteroidaceae)
with a very low median abundance across the cohort
(<1%, and not further analysed), comprised, in two indi-
viduals, a significant proportion of the microbiome (i.e.
9% and 28%, respectively). Features such as these show
that alongside some consistent trends in preterm intes-
tinal microbiome development (i.e. diversity progression,
and Enterobacteriaceae decline), there remain some peri-
ods of profound dynamic change in taxa, and significant
inter-subject variability—see Fig. 2.

Microbiome progression in group 2a (during antibiotics)
Standard first-line antibiotics for late-onset sepsis at
Homerton University Hospital NICU were flucloxacil-
lin and gentamicin, with ceftazidime and vancomycin as
a second-line. Flucloxacillin and penicillin + gentamicin
combinations have been associated with increased rela-
tive abundance of Enterobacteriaceae in the intestinal
microbiome [23, 24]. Conversely, ceftazidime is associ-
ated with reduced Enterobacteriaceae [25] and vancomy-
cin with reduced Staphylococcaceae [23]. The episodes of
antibiotics exposure examined in this group occurred at a
mean postmenstrual age of 31 weeks, and 26 postnatal
days.

During a course of antibiotics, diversity was seen
to fall by -0.71units/week (95% CI=— 0.24 to— 1.2).
When compared against the baseline rate progression
established in Group 1 (a rise 0.63units/week), where
there was minimal antibiotic exposure, this was shown
to differ significantly (p«0.001). Similarly, the decline in
Enterobacteriaceae relative abundance seen in Group 1
(— 8.9%/week) was reversed during a course of antibiot-
ics, and increased by 10.6%/week (95% CI=1.1-30.2),
which was again noted to differ significantly (p«0.001).
These findings demonstrate the acute effect of antibiotic
administration on the gut microflora—see Fig. 3.

In view of the contrasting hypothesised effects of the
differing antibiotics combinations used, a post-hoc analy-
sis was undertaken examining the taxonomic progres-
sion during courses of antibiotics where ceftazidime
was employed. Whilst only small numbers, as predicted
by previous studies, the Enterobacteriaceae relative
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abundance fell by -15.9%/week, in contrast to the pattern
seen when gentamicin was used as the component pro-
viding Gram-negative cover.

As anticipated by the noted falling diversity and ris-
ing Enterobacteriaceae relative abundance, a mixture
of other taxa (reflective of the inter-subject variability
demonstrated in Group 1) were largely eradicated to
leave a heavily Enterobacteriaceae-dominated bacterial
community. There were some notable individual excep-
tions where a more diverse microbiome was maintained
despite the antibiotics—whether this was reflective of the
resilience of the microbiome, or represented a host fac-
tor, is not known.

Microbiome progression in group 2b (post-antibiotics)
Following the cessation of antibiotics, diversity progres-
sion resumed at 0.2units/week (95% CI=0.11-0.47);
although, in comparison to the progression in Group 1
subjects, this was diminished (0.2 vs. 0.7units/week [n.b.
median values], p=0.02). Similarly, the fall in Entero-
bacteriaceae relative abundance resumed following the
cessation of antibiotics (— 4.6%/week [0.4 to — 9.6%]).
Whilst this was reduced in comparison to the rate seen
in Group 1 subjects (— 4.6 vs. — 8.9%/week), this was not
statistically significant (p =0.13) (see Fig. 4).

The relative abundance of other taxa was also exam-
ined in the post-antibiotic period. In light of the pre-
ponderance of Enterobacteriaceae resulting from the
preceding course of antibiotics, and compounded by the
shallower rate of decline in Group 2b, other taxa were
correspondingly reduced compared to Group 1. Of the
main taxa analysed, Veillonellaceae (10.4% [in Group 1]
vs. 2.4% [in Group 2b]), p=0.02; Clostridiaceae (2.3% vs
0.39%, p=0.04) and Bifidobacteriaceae (2.5% vs. 0.006%,
p<0.0001) were seen to be significantly reduced in the
post-antibiotic period.

Discussion
That antibiotics impact upon preterm intestinal micro-
biome development is predictable; supported by clinical
correlates from adult medicine, and is seen in a number
of studies in preterm infants. However, this paper quan-
titatively describes this relationship on an individual
subject level, using strict criteria to analyse this effect in
isolation from other clinical factors, as far as possible.
We have demonstrated that during a course of intra-
venous antibiotics (Group 2a), diversity fell at a rate of
0.71units/week, a significant difference from the rise
seen in infants only minimally-exposed to antibiotics
(Group 1) and in keeping with observations from the
published literature [14, 26, 27]. Notably, the develop-
ment of NEC has been shown to be associated with both
reduced microbial diversity and prior antibiotic use [28,



Hutchinson et al. Gut Pathogens (2023) 15:18

7
v Abne

w

Diversity (Inverse Simpson)

p<0.01

Retatico Abundance

100~

75-

~9:5%Ilweek

|
:

50~

Enterobacteriaceae Relative Abundance (%)

Retatico Abundance

0 2 4 6
Days on antibiotics

Retatvo Abundance

> I > E——

EY

Page 6 of 13

Retatie Aburstance
Retatico Abundance
Retatico Abundance

Day
ouy

ouy

oay

i. i
i s

:
4 - 3

i
Taxon

’ Day.
——
P
+ Day

Retatvo Abundance
Retatio Abundance

Retatho Aundance

1z

Redative Abundance
Retatico Abundance
Rolatva Aundance.

Rolatie Abundance
Retatve Abundence.

Retatio Abundance.

> meemsamm = > DI | — | 5 ——
7 I W £

I enerobactoriaceae
B eifdovacteriacens
Vllonellaceae
B swpniococcacese
B enterococcaceae

W cosvisiaceae
B socteroicaceae
. Streptococcaceae.

B orer

Fig.3 A Composite plot of individual trajectories of longitudinal diver5|ty progression during antibiotic administration (Group 2a) shown

in thin grey lines, with weighted mean trajectory (thick black line). For comparative purposes, trajectory of diversity progression in Group 1
overlaid (thick green line). 95%Cl for weighted mean trajectories denoted by dotted lines. For clarity and comparative purposes, the intercept
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during periods of receiving intravenous antibiotics (Group 2a). Red arrows indicate the sample taken prior to commencing antibiotics. Each panel
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29]; our finding may explain these associations. It may
be that the reported association between NEC and prior
antibiotic use merely reflects a confounding underlying
pathophysiological process which represents a precursor
to NEC, and which also induces clinical features which
may prompt antibiotic use. However, it may be that there
is a true causative mechanism, whereby the use of anti-
biotics reduces the diversity of bacteria present, with

consequent reduction of the benefits to intestinal health
which are conferred from the normal array of commensal
organisms.

It was also noted that Enterobacteriaceae relative
abundance rose at a rate of 10.6%/week whilst receiv-
ing antibiotics—a significant change from the progres-
sion in antibiotic-naive subjects; this is a feature that has
been described elsewhere in the literature [1, 6, 14]. It is
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important to note that this does not imply that Entero-
bacteriaceae growth was augmented—studies have dem-
onstrated a general reduction in absolute total bacterial
abundance under the action of antibiotics [30]. Rather,
this implies that whilst Enterobacteriaceae reduced in
total abundance under the action of antibiotics, this
occurred at a lower rate than for other taxa, leading to
an increase in relative abundance of Enterobacteriaceae.
An increased relative abundance of y-Proteobacteria
(the class to which Enterobacteriaceae belong) has been
associated with an increased risk of the development of
NEC [31, 32]. It may be hypothesised that increased pro-
portions of endotoxin-expressing Gram-negative organ-
isms (e.g. Enterobacteriaceae) within the intestinal lumen

increase the risk of inappropriate stimulation of TLR4-
replete immune cells within the gut [33], precipitating an
inflammatory cascade culminating in clinical NEC. How-
ever, the commensal nature of many commonly-encoun-
tered Gram-negative organisms encountered within the
gut implies that this may only represent one component
of the development of a pathogenic interaction.

Uniquely, the development of the microbiome after a
course of antibiotics was also examined in this study. It
was seen that following the cessation of antibiotics, the
accrual of increasing diversity was again seen, although at
a significantly reduced rate compared to antibiotic-naive
subjects (0.2 vs. 0.7 units/week, p=0.02). Similarly, the
fall in relative abundance of Enterobacteriaceae recurred,
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again at a reduced rate compared to the antibiotic-naive
cohort (— 4.6 vs. —8.6%/week—although statistical sig-
nificance was not met [p=0.13]). The reasons for this
may be considered to result from both components of
the microbiome: the inhabitants and the environment.
In terms of the inhabitants, it may reflect that microbi-
ome development is driven, at least in part, by its founder
organisms. In this instance, the residual post-antibiotic
microbiome is heavily Enterobacteriaceae-dominated;
from this state, once the negative modulator of devel-
opment (i.e. antibiotics) is removed, the microbiome
regrows, but retains its Enterobacteriaceae-dominance,
due to a paucity of alternative founder organisms and loss
of an ecological niche for them. Additionally, the intes-
tinal environment within which the bacteria reside may
have been altered by the preceding change in bacteria,
or the clinical episode which precipitated the antibiotic
use. Commensal organisms have a self-sustaining effect
within the intestinal lumen (i.e. induction of commensal-
specific nutrient expression by enterocytes and commen-
sal-sparing anti-microbial production [34, 35])—their
eradication means these mutualistic mechanisms may
be lost, leading to the gut becoming less hospitable to
these organisms, with persistence of residual Enterobac-
teriaceae at higher proportions. Similarly, if the preced-
ing antibiotic course had been mandated by an episode
of sepsis, the immune-profile of the infant and their
intestine may have been altered by this, to a more pro-
inflammatory state in which the organisms which could
have been hoped to supplant the dominance of Entero-
bacteriaceae cannot flourish.

The effect of antibiotics upon other taxa was also exam-
ined. In conjunction with Enterobacteriaceae-dominance
and augmented persistence even after stopping antibi-
otics, there was a corresponding reduction in the non-
Enterobacteriaceae organisms normally seen to inhabit
the preterm gut. Whilst their uneven distribution across
subjects precluded longitudinal analyses in the manner
possible for Enterobacteriaceae, gross differences could
still be seen. The most significant differences were seen
in the relative abundance of Veillonellaceae, Clostridi-
aceae and Bifidobacteriaceae, the latter of which showed
a 400-fold fall in relative abundance compared to that
seen in infants minimally-exposed to antibiotics. It has
been previously demonstrated that bifidobacteria levels
fall in some subjects receiving antibiotics [9, 10], and that
this may be a persistent phenomenon [36], but that this
is seen in preterm infants (and preterm life), is a novel
finding. It may be hypothesised that bifidobacteria are
especially sensitive to the aforementioned mechanisms
of commensal suppression, either through particu-
lar sensitivity to the antibiotic combinations employed
in this neonatal population, or through the intestinal
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environment changing in a manner which makes it
inhospitable to bifidobacterial colonisation. This finding
is of importance, considering the frequent proposition of
the role of bifidobacteria in preterm probiotic therapies.
Their acute sensitivity to commonly-used antibiotics and
sustained reduction even after the cessation of antibiotics
may explain their variable success in clinical trials [37],
with successful colonisation seemingly heavily influenced
by underlying antimicrobial practice.

At the time of conception and undertaking of this study,
16S rRNA gene sequencing represented the methodology
of choice to study the components of diverse microbiota.
The V4 hypervariable region of the 16S rRNA gene was
utilised, as it was theorised to offer the greatest capacity
for differentiation between taxa, in view of it being one of
the longest hypervariable regions. However, the advent of
shotgun metagenomics, where the entire target genome
is analysed (in comparison to just the 16S rRNA gene),
now allows greater depth of taxonomic differentiation.
Within this study, taxa were analysed at family-level, as
this represented the taxonomic level which maximised
depth, without excluding large numbers of unclassified
sequences (i.e. 99.5% of sequences were classified to fam-
ily-level; only 73.8% were classified to genus-level)—this
was largely due to homogeneity within the 16S rRNA
gene V4 hypervariable region amongst Enterobacte-
riaceae. Whilst this was pragmatically necessitated, this
depth of differentiation did not reach the level of maxi-
mum clinical applicability, when antibiotic choices are
based upon species and resistance profiles, and probiot-
ics are formulated at strain level [38]. The capability of
shotgun metagenomics to differentiate to these levels has
been demonstrated [39-41] and is of the utmost rele-
vance when a clinical future of microbiome manipulation
can be envisaged, via the use of narrow-spectrum, tar-
geted antibiotic regimens and probiotic administration.

Whilst the sub-group of infants minimally-exposed
to antibiotics (Group 1) has been pragmatically used as
a ‘control’ group for comparative purposes in this study,
this does not account for other modulators of micro-
biome progression. Factors which may reasonably be
hypothesised to affect microbiome development include
differences in gestational age at birth and birthweight
(which are seen in this study), the maternal/parental
microbiome (both in terms of founder organisms, and
subsequent exposures) and diet. Infants in this study
received mixed feeding types with maternal own milk,
donor breast milk and formula at different times and
proportions throughout their admission, making com-
parisons across subjects by feeding type difficult. It is also
possible that there exist numerous influences which can-
not be anticipated. True matching for all potential modu-
lators is likely prohibitively restrictive; a solution may lie
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in larger scale studies (in terms of numbers of subjects)
where these confounders may be more easily balanced,
or in paired analyses around an intervention, where the
subject acts as their own control. It must also be consid-
ered that whilst the provision of antibiotics is intended
to be the sole discriminator between Groups 1 and 2a/b,
the underlying reason for the additional use of microbi-
als (e.g. suspected/actual infection; other physiological
instability) may have an additional impact on microbi-
ome development, independent of the antibiotics which
subsequently ensued.

This study has demonstrated that the impact of antibi-
otics upon the developing preterm intestinal microbiome
is seen not just during the acute course of antibiotics,
but remains throughout preterm life. In light of the asso-
ciation between this dysbiosis and the development of
important neonatal conditions such as NEC and LOS,
this finding may provide further support for the judicious
use of antibiotics in this vulnerable patient group, or
more narrow-spectrum regimes which do not have such
a dysbiotic effect.

Additionally, we have demonstrated the value and fea-
sibility of this novel application of an individual subject
analysis to microbiome assessment. The assessment of
babies, based purely upon a clinical categorisation (e.g.
prematurity) without accounting for the effects that
underlying factors (e.g. antibiotics use) may have, poten-
tially leads to a skewed interpretation of a population’s
apparent microbiome development. This methodology
may provide a blueprint for further studies to account for
such confounding factors in future work.

Methodology

Ethical approval, funding and recruitment

This study was nested within the wider observational
study “Investigating Microbial Colonisation and Immune
Conditioning in Preterm Babies” [42] and was pro-
spectively incorporated into its design and regulatory
approvals. Preterm infants were recruited at Homerton
University Hospital (London, UK), between 2370 and
317%/40 weeks, within the first 72 h after birth, between
January 2016 and March 2017.

Sample collection, storage and transfer

Stool samples were prospectively collected from birth
up to the cessation of the subjects’ participation in the
study (37/40 weeks CGA, or 12 weeks of age, whichever
was sooner). Samples (when available) were taken on a
daily basis within four hours of passage and immediately
placed in a universal storage container (without preserva-
tives) in a refrigerator at 4 °C. The samples were subse-
quently transferred to an ultra-low freezer (— 80 °C)
generally within 24 h. Samples were later transferred
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from the clinical site to the laboratory for long-term
storage and subsequent analyses; this was performed at
intervals using a specialist medical courier service, with
maintenance of the cold-chain throughout achieved
through transport on dry ice (at — 79 °C). Duration of
time in — 80 °C storage ranged from 5 to 20 months.

Sample selection
2229 samples were collected in total from all 71 subjects
in this study; 1536 samples were sent for sequencing. As
a quality control measure, slots were reserved for positive
controls, negative controls and mock communities. Addi-
tionally, for other investigations not pertaining to this
study, slots were reserved for PMA-untreated samples
and Salinibacter ruber spiked samples. Consequently,
1434 samples were selected for analyses.

Samples were prospectively selected from those avail-
able on a pragmatic basis, aiming for:

+ Regularity of sampling (every 2—3 days, where able
and available)

+ The capture of episodes of potential microbiome
instability in greater detail—up to daily sampling (i.e.
early life, before/during/after courses of antibiotics,
feeding/ respiratory support changes, blood transfu-
sions)

+ The capture of ‘stable’ infants’ microbiome profiles in
greater detail (in order to develop a reliable baseline)

Where samples were unavailable/unsuitable for analy-
sis (e.g. small volume samples; samples depleted in pilot
studies), an alternative (temporally adjacent) sample was
selected.

The microbiome composition of samples was not
known prior to selection.

Library preparation

The DNA library was prepared as per the recommended
protocol for the DNeasy® PowerSoil® Kit (Qiagen, Neth-
erlands), with the following adaptations:-

+ A reduction in starting stool mass from 250 to 20 mg,
following evidence from the literature, corroborated
by our own pilot study, demonstrating improved
extraction yields at reduced volumes. [43]

+ The addition of a manual homogenisation step, in
view of viscous samples

« The use of propidium monoazide (PMA) follow-
ing the standard protocol (Biotium, USA). PMA is a
photo-reactive, DNA-binding dye, used to prevent
downstream amplification of free DNA (e.g. contami-
nant, non-viable) in PCR [44, 45].
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The 16S rRNA gene V4 region was amplified using
Fusion primers (v4.SA501-508, v4.SB501-508, v4.SA701-
712, v4.SB701-71; Eurofins, Germany). Samples from
which no amplified DNA was subsequently demonstrated
(using electrophoresis) were removed from further analy-
ses. Normalisation of amplified DNA was undertaken as
per the standard protocol for the SequalPrep” Normali-
zation Plate (96) Kit (Invitrogen, USA). DNA quantitation
was carried out as per the standard protocol for Quant-
iT™ PicoGreen® dsDNA Reagent (Invitrogen, USA).

Sequencing and processing

Amplicon sequencing was performed by the Barts and
the London Genome Centre, using Illumina MiSeq Tech-
nology (2 x 250 bp flow-cell for paired-end sequencing
with 5% PhiX DNA).

Processing of the sequencing data was conducted
within R [46] using the DADA?2 pipeline [47], using the
standard protocol (i.e. truncations at position 240 for
forward reads, 160 for reverse reads; truncation at a
base quality score of 2; no ambiguous bases; maximum 2
expected errors; and automated removal of PhiX DNA).
Batch processing was employed, based upon the originat-
ing sequencing run, due to the potential for run-specific
errors and biases. Positive mock community controls
were used to ensure sequencing accuracy (ZymoBIOM-
ICS, USA). Amplicon sequence variants (ASVs) identified
by the DADA2 algorithm were taxonomically-assigned
using a bespoke, curated, site-specific (i.e. preterm gut)
database of 16S rRNA gene sequences [48]. The decon-
tam package [49] in R was used to identify contaminant
sequences (sequences disproportionately represented
in negative controls); these sequences were manually
reviewed and discarded if microbiologically-plausible as
a contaminant. Samples with <5000 sequences were dis-
carded, in view of a risk of under-representing true rich-
ness and diversity.

Statistics

Comparative statistics between Groups 1 and 2a were
assessed by Independent Samples t-test, Mann—Whit-
ney U-test or Chi-Square test/Fisher’s exact test, where
appropriate. Diversity was measured using the inverse
Simpson index [50]. The central tendency of taxa vary-
ing in relative abundance over time were described using
the area-under-the curve (AUC), normalised for dura-
tion in study [51]. Analyses and descriptive statistics were
weighted, where possible, by number of reads/sample
and number of samples/subject. Siblings from a multi-
ple (twin) pregnancy were half-weighted (if within the
same sub-group), in anticipation of non-independence
in microbiome development. In light of the potential for
multiple comparison errors from assessment of many
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taxa, analyses occurred at a family-level (this additionally
allowed the inclusion of the greatest proportion of ampli-
con sequence variants [ASVs] in analyses); and only taxa
with a median, normalised AUC> 1% relative abundance
were analysed. In anticipation of the longitudinal nature
of analyses, where approximately linear trends were
identified, individuals’ summary data were represented
by the Theil-Sen regression coefficient [52]. Without a
precedent of similar longitudinal microbiome studies, a
pragmatic decision was made to aim for an 80% power
to detect a one standard deviation difference in diversity
progression between groups; this would require 16 sub-
jects/group. It was prospectively noted that subject num-
bers would be restricted by an absence of an open-ended
recruitment period and lack of control regarding the allo-
cation of subjects to groups based upon clinical interven-
tions Additional file 1.

Comparisons

In order to describe longitudinal microbiome progres-
sion free from obvious external modulators, a group of
stable subjects was first identified from within the study
population, who were minimally exposed to postnatal
antibiotics. They (Group 1) were pragmatically defined
as:-

+ Having had no episodes of late-onset sepsis

» Had received only one course of antibiotics, in the
immediate postpartum period

+ Had>75% of stool samples obtained outside this
period of antibiotic administration — this is to ensure
that the assessed pattern of microbiome development
reflects the ‘natural’ progression as much as possible,
without extraneous influence from concurrent anti-
biotic use.

This group would act as a baseline, against which
microbiome development in other groups could be
compared.

Two comparator groups were then identified from
within the study population: (2a) during and (2b) after
courses of antibiotics. Infants in Group 2a, during a
period of antibiotic administration, were defined as:-

+ The antibiotic course must be for an episode of LOS
(not EOS)

+ The antibiotic course must be preceded by at least
five consecutive days without antibiotics

+ Only one episode of antibiotic use was analysed per
subject

+ There must be at least three samples from within the
period of antibiotic use
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+ Samples must be within the period 48 h prior to
commencing antibiotics (one pre-antibiotic sample
only) and 48 h following antibiotic cessation

From within Group 2a, a sub-group, 2b, was identified
in whom microbiome development in the period after
antibiotic cessation could be studied. This was defined
as:-

+ The period of assessment must occur in an antibi-
otic-free interval, following an episode of antibiotic
use for LOS

+ Atleast three samples from this antibiotic-free period
must be available for analyses

Not all subjects in Group 2a could be studied as part
of Group 2b, because there were too few samples in the
period after antibiotics were stopped. No subjects in
Groups 2a/2b were in Group 1, by virtue of antibiotic
use for LOS. Subjects were allocated to their respective
clinical groups following completion of recruitment, and
prior to assessment of their microbiome composition.

Parameters of microbiome development were studied
in these three groups, with comparison made between
those receiving antibiotics for presumed LOS and those
with no antibiotic exposure after the immediate post-
partum period (i.e. Group 2a vs. Group 1; Group 2b vs.
Group 1). Longitudinal diversity progression, and longi-
tudinal progression of Enterobacteriaceae relative abun-
dance were the two parameters which could be seen to
follow roughly linear trajectories across the majority of
subjects, and are quantitatively described. Other fea-
tures of microbiome development in the three groups are
noted, but were not appropriate for quantitative longitu-
dinal analyses (due to grossly uneven distributions across
subjects, or following inconsistent trajectories).

Preliminary analyses demonstrated that longitudinal
diversity progression followed an approximately linear
trajectory within three groups. Consequently, longitudi-
nal diversity progression was described on an individual-
level, as the rate of change of diversity with time. The
mean/median of these individual diversity progressions
was used as a summary measure to describe the progres-
sion within the wider group (i.e. Group 1/2a/2b).

Longitudinal development of Enterobacteriaceae rela-
tive abundance was similarly described. From an inspec-
tion of individual profiles, levels could be seen to either
rise to a peak then fall, or fall from an initial peak. Con-
sequently, for consistency, the rate of Enterobacteriaceae
fall from its highest level was described on an individual
level, as the percentage change in relative abundance with
time. Again, the mean/median of these individual values
was used to describe the wider groups.
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Comparison was made between the summary meas-
ures of progression in Group 1 vs. Group 2a and Group
1 vs. Group 2b, using two-tailed weighted t-tests, or
Mann-Whitney U-tests, as appropriate; statistical sig-
nificance was defined at p <0.05.
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