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Background. Discontinuation of inappropriate antimicrobial therapy is an important target for stewardship intervention. The 
drug and duration-dependent effects of antibiotics on the developing neonatal gut microbiota needs to be precisely quantified.

Methods. In this retrospective, cross-sectional study, we performed 16S rRNA sequencing on stool swab samples collected from 
neonatal intensive care unit patients within 7 days of discontinuation of therapy who received ampicillin and tobramycin (AT), am-
picillin and cefotaxime (AC), or ampicillin, tobramycin, and metronidazole (ATM). We compared taxonomic composition within 
term and preterm infant groups between treatment regimens. We calculated adjusted effect estimates for antibiotic type and duration 
of therapy on the richness of obligate anaerobes and known butyrate-producers in all infants.

Results. A total of 72 infants were included in the study. Term infants received AT (20/28; 71%) or AC (8/28; 29%) with median 
durations of 3 and 3.5 days, respectively. Preterm infants received AT (32/44; 73%) or ATM (12/44; 27%) with median durations of 
4 and 7 days, respectively. Compositional analyses of 67 stool swab samples demonstrated low diversity and dominance by poten-
tial pathogens. Within 1 week of discontinuation of therapy, each additional day of antibiotics was associated with lower richness of 
obligate anaerobes (adjusted risk ratio [aRR], 0.84; 95% confidence interval [CI], .73–.95) and butyrate-producers (aRR, 0.82; 95% 
CI, .67–.97).

Conclusions. Each additional day of antibiotics was associated with lower richness of anaerobes and butyrate-producers within 
1 week after therapy. A longitudinally sampled cohort with preexposure sampling is needed to validate our results.
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Continuation of antibiotic therapy in the absence of infection 
is a common form of inappropriate antibiotic prescription in 
the neonatal intensive care unit (NICU) [1, 2]. Prolonged anti-
microbial exposure (greater than 3 or 5 days) is associated with 
short-term complications including necrotizing enterocolitis 
(NEC), hospital-acquired infection, and mortality [3, 4], as 
well as long-term health outcomes including obesity, allergy, 
and inflammatory bowel disease [5–7]. Discontinuation of un-
necessary antibiotics is an important target for stewardship, 

yet some physicians perceive that discontinuing empiric anti-
biotic therapy is difficult, even in the absence of infection [8, 
9]. This is highlighted by the significant variation in antibiotic 
prescribing practices across NICUs [10].

Infancy represents a critical time for gut microbiota devel-
opment in which obligate anaerobes and butyrate-producers 
are acquired [11]. Anaerobes influence the education and mat-
uration of the host immune system [12], provide colonization 
resistance against pathogens and antimicrobial-resistant organ-
isms [13], and play an important role in metabolism, including 
the production of short-chain fatty acids such as butyrate [14]. 
Microbially produced butyrate promotes gut epithelial barrier 
function, physiologic mucosal hypoxia, proliferation of health-
associated anaerobes, and suppression of facultative anaerobes 
such as Enterobacteriaceae [15, 16], as well as local immune 
system homeostasis [17].

Research investigating the duration-specific impact of com-
monly used antimicrobial regimens on the developing infant 
gut microbiota is limited and may inform therapeutic deci-
sion-making in the NICU. In this study, we compared the effects 
of ampicillin and tobramycin (AT), ampicillin and cefotaxime 
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(AC), and ampicillin, tobramycin, and metronidazole (ATM) 
and the duration of treatment on end-of-therapy gut microbial 
community diversity and strict anaerobe composition in NICU 
infants.

METHODS

Study Design and Participants

We conducted a retrospective, cross-sectional study of in-
fants who had participated in a prospective cohort evaluating 
Clostridioides difficile colonization in the NICU (unpublished 
work). In this cross-sectional study, we used stool swab samples 
taken within 1 week (1–7 days) of antibiotic exposure to com-
pare gut microbiota diversity, anaerobe composition, and, as a 
secondary outcome, butyrate-producer composition in NICU 
infants. Infants were included in the study if they received at 
least 1 dose of AT, AC, or ATM. Infants were excluded if they 
did not have a stool swab sample taken within 1–7 days after the 
discontinuation of therapy or had previous documented antibi-
otic prescription prior to the start of the initial antibiotic pre-
scription. The Hospital for Sick Children Research Ethics Board 
approved the study.

Clinical Information Collection

Patients who received antibiotics were assessed prospectively 
as part of twice weekly antimicrobial stewardship rounds by 
the clinical and antimicrobial stewardship teams. Information 
on antibiotic indication was collected and documented pro-
spectively. NICU clinicians prescribed antibiotics in accord-
ance with local guidelines, irrespective of the study. Based on 
these guidelines, AT is an empiric regimen for sepsis in new-
borns, AC is an empiric regimen for central nervous system 
infection or in cases where tobramycin is contraindicated (ie, 
renal dysfunction), and ATM is used for confirmed or sus-
pected gastrointestinal (GI) infections, including NEC and 
other nonnecrotizing GI pathology. The indications for anti-
biotics were classified based on the presumed site of infec-
tion, if known. In patients without a specific source, sepsis was 
selected. GI/abdominal source indications included NEC and 
other nonnecrotizing GI infections or when antibiotics were 
used for GI tract surgical prophylaxis (eg, anorectal malforma-
tions, bowel obstruction). For this study, antibiotic dispensing 
data were used and obtained from the pharmacy system. The 
number of antibiotic days was defined as the number of cal-
endar days on which the patient received at least 1 dose of 
antibiotic.

Sample Collection and Processing

From 1 November 2014 to 30 April 2015, stool swabs were col-
lected from the diapers of NICU patients using FLOQSwabs 
(Copan, Brescia, Italy) and subsequently stored in eNAT 
(Copan, Brescia, Italy) nucleic acid preservation buffer at –80°C. 
Stool samples (200 μL) were subject to DNA extraction using 

the DNeasy PowerSoil Kit (cat. 12888-100, Qiagen, Carlsbad, 
CA) and stored at –80°C.

16s rRNA Sequencing and Data Processing

DNA samples were sequenced at the Centre for the Analysis of 
Genome Evolution and Function at the University of Toronto. 
The V4 hypervariable region of the 16S rRNA gene was ampli-
fied using a universal forward primer and a uniquely bar-coded 
reverse primer, as described previously [18]. The pooled sample 
library was loaded on to the Illumina MiSeq (Illumina, San 
Diego, CA) for paired-end 150 base pair sequencing using V2 
chemistry.

Raw sequences were processed using Qiime2 v.2018.4 [19]. 
Demultiplexed paired-end sequences were subject to DADA2 
for quality filtering, denoising, and chimera removal [20]. 
Taxonomy was assigned to amplicon sequence variants (ASVs) 
using a naive Bayes classifier trained on the GreenGenes 13_8 
99% operational taxonomic units [21]. ASVs that were clas-
sified at the kingdom level only (k__Bacteria;_) were filtered 
from each sample. Samples were rarified to 3736 sequences per 
sample, as this sequencing depth retained the most samples and 
discarded those under 1000 sequences. Sequences were depos-
ited in the SRA database (accession: PRJNA532426).

16s rRNA Gene Quantitative Polymerase Chain Reaction for Relative 
Bacterial Density

Bacterial density of each fecal sample and DNA extrac-
tion negative controls were measured using quantita-
tive polymerase chain reaction, with the forward primer 
(5’-TCCTACGGGAGGCAGCAGT-3’), the reverse primer 
(5’-GGACTACCAGGGTATCTAATCCTGTT-3’), and probe 
(FAM-5’-CGTATTACCGCGGCTGCTGGCAC-3’-NFQ-
MGB) (Applied Biosystems). The 16S rRNA gene density rela-
tive to the lowest density sample was calculated using the 2-(delta 

CT) calculation, then log-transformed for each sample. We ap-
plied a bacterial density cutoff at a cycle threshold (CT) value of 
40. Any samples ≥40 CT were considered to have no detectable 
bacteria.

Microbiota Analysis

Overall diversity in each sample was summarized by phylum, 
genus-level obligate anaerobes, family-level butyrate-producers, 
and per sample dominant taxa. We defined dominance as 
greater than 30% relative abundance. The Shannon diversity 
index, a measure of both richness (number of unique taxa) and 
taxonomic evenness, as well as the Chao1 index, an estimated 
measure of taxonomic richness, were calculated for each sample 
using a feature table collapsed to level 6 (generally the genus). 
These analyses were conducted in Qiime2 v.2018.4 [19].

Anaerobe Classification and Quantification

A feature table collapsed to level 6 was used to identify obli-
gate anaerobes. First, the maximum relative abundance for each 
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taxon was identified across samples. Taxa that did not con-
tribute 0.1% relative abundance in at least 1 sample were ex-
cluded. We used Bergey’s Manual of Systematic Bacteriology, 
volumes 2–5, to manually classify taxa as obligate anaerobes 
based on descriptors in the manuals, such as “strictly anaer-
obic,” “anaerobic,” or “obligate anaerobe” [22–26]. Facultative 
anaerobes, aerobes, chloroplast, and proteobacteria classified 
as mitochondria at the genus level were excluded. ASVs that 
were annotated to a taxonomic level that did not allow for 
specific identification of obligate anaerobes were subject to 
the basic local alignment search tool on the National Centre 
for Biotechnology Information website to be further classi-
fied as “probable aerobe,” “probable anaerobe,” or “unknown.” 
Supplementary Table 1 provides information on the classifi-
cation of taxa identified. As a secondary outcome, observed 
butyrate-producers were quantified at the family level based on a 
list of known butyrate-producers, including Bifidobacteriaceae, 
Bacteroidaceae, Porphyromonadaceae, Eubacteriaceae, 
Lachnospiraceae, Ruminococcaceae, Erysipelotrichaceae, and 
Fusobacteriaceae [27]. The relative abundance and richness of 
obligate anaerobes and butyrate-producers in each sample were 
quantified.

Statistical Analyses

Samples were grouped by gestational age, where preterm infants 
were defined as less than 37 weeks gestation, then stratified by 
treatment regimen received. Additional subgroup analyses 
based on delivery mode, exposure to mother’s breast milk, and 
indication were performed. We log-transformed the relative 
abundances of taxa to compare between treatment groups. To 
do this, a single sequence read was added to each taxon (1 se-
quence represents the lower limit of sequencing detection) to 
account for taxa with zero sequences; the relative abundances 
were recalculated and then log-transformed. The Shannon di-
versity index, Chao1 index, relative abundances, and richness 
of obligate anaerobes were compared between treatment groups 
using the nonparametric Mann-Whitney U test. The Fisher 
exact test was used to compare proportions of dominant taxa 
between treatment groups. Additionally, we used simple linear 
regression to assess the relationship between previous antibiotic 
duration and the richness of obligate anaerobes and butyrate-
producers. The Mann-Whitney U test, Fisher exact test, and 
simple linear regression were performed in GraphPad Prism 
v.7.0.3.

Multivariate Regression Analysis

The effects of antibiotic treatment type (AC or ATM vs AT) 
and antibiotic duration, measured as a continuous variable, on 
the richness of obligate anaerobes (primary outcome) and ob-
served butyrate-producers (secondary outcome) in infant stool 
samples were adjusted for by using negative binomial regres-
sion (MASS package) and Poisson regression, respectively, in 

R version 3.5.1. We decided a priori to adjust for the following 
variables because of their known association with differences in 
neonatal gut microbiota diversity: gestational age (weeks) [28, 
29], age at sampling (days) and time since antibiotic cessation 
(days) [11, 30], delivery mode (caesarean section or vaginal) 
[11, 31], indication (sepsis or GI/abdominal, including NEC, vs 
all other indications) [32, 33], and exposure to mother’s breast 
milk [11, 30, 31] (at least 1 exposure prior to stool sample collec-
tion, excluding the collection day). Adjusted risk ratios (aRRs) 
were calculated for antibiotic type and antibiotic duration by 
exponentiating regression coefficients and associated 95% con-
fidence intervals (CIs).

RESULTS

NICU Patient Characteristics

A total of 72 NICU infants were included (Table 1 outlines the 
patient characteristics). Term infants (n  =  28) were born at a 
median gestational age of 39 weeks (range, 37–41 weeks) and 
preterm infants (n = 44) were born at a median gestational age 
of 32.5 weeks (range, 24–36 weeks). Term infants received ei-
ther AT (20/28; 71%) or AC (8/28; 29%), whereas preterm in-
fants received either AT (32/44; 73%) or ATM (12/44; 27%). 
The median duration of AT therapy was 3 (range, 1–8  days) 
and 4 days (range, 2–8 days) for term and preterm infants, re-
spectively. The median duration of therapy for term infants who 
received AC therapy was 3.5  days (range, 2–8  days), whereas 
the median duration of ATM therapy in preterm infants was 
7  days (range, 1–10  days). Of the infants who received ATM 
therapy, 100% (12/12) had suspected GI/abdominal indica-
tions, of which 42% (5/12) had suspected NEC. Five patients 
were removed from all microbiota analyses as 4 patients had 
fewer than 1000 sequences per sample and 1 term infant was 
213 days old at admission (221 days at sampling) and likely not 
representative of the rest of the cohort, thus 67 of 72 infant sam-
ples were analyzed.

NICU Gut Microbiota Composition

Bacterial density varied by 8 logs between the highest and lowest 
density sample (Figure 1D and 1H). A total of 6 patients, 5 pre-
term infants in the AT group and 1 term infant in the AT group, 
had no detectable bacteria in their samples. The relative abun-
dances of the phyla Proteobacteria and Firmicutes were high 
across all infant samples compared to the phyla Bacteroidetes 
and Actinobacteria (Supplementary Figure 1A). For sam-
ples with detectable bacteria, a large proportion (56/61; 92%) 
were dominated by at least 1 organism, including members of 
Enterobacteriaceae, Staphylococcus spp., or Enterococcus spp. 
(Figure 1B and 1F). We did not observe statistically significant 
differences in the presence of dominant taxa between treatment 
groups. The Shannon diversity index was low across all sam-
ples and similar in term and preterm infants between treatment 
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regimens received, as well between delivery modes, mother’s 
breast milk exposure (yes/no), and indication (Supplementary 
Figures 1C and Figure 3A, D, and G). There was also no differ-
ence in the Chao1 index in term and preterm infants between 
treatment regimens received (Supplementary Figure 1D).

Obligate Anaerobe and Butyrate-producer Composition

Obligate anaerobe and butyrate-producer composition is sum-
marized in term (Figure 1C and 1D) and preterm (Figure 1G and 
1H) infant samples. A total of 20/67 (30%) infant samples had no 
detectable strict anaerobes, while in the samples that had at least 
1 strict anaerobe, Bacteroides spp. members of the Clostridiaceae 
family, including Clostridium spp., as well as Veillonella spp. 
were common. As expected, anaerobe richness and relative 
abundance were lower in this antibiotic-treated term and pre-
term cohort compared to published data of healthy, term infants 
[11] (Supplementary Figure 2A–D). Obligate anaerobe and 
butyrate-producer richness was significantly higher in vaginally 
delivered infants compared to infants delivered by caesarean 
section (P < .05, Mann-Whitney) (Supplementary Figure 3B and 
C). The median relative abundance (Supplementary Figure 1B) 
and richness of anaerobes (Figure 2A) and butyrate-producers 
(Figure 3A) were similar in term and preterm infants between 
treatment regimens received. However, we observed an inverse 
relationship between antibiotic duration and the richness of  
obligate anaerobes (Figure 2B) and butyrate-producers (Figure 
3B) 1 week postantimicrobial exposure across all infant samples 

as well as in term and preterm infants by treatment regimen re-
ceived (Figure 2C and 2D and (Figure 3C and 3D).

Effect Estimates for Antibiotic Type and Duration on Anaerobe and 
Butyrate-producer Richness

Crude unadjusted and adjusted effect estimates are presented 
in Table 2; all adjusted variables are provided in Supplementary 
Table 2. After adjusting for delivery mode, indication, ex-
posure to mother’s breast milk, gestation age, age at time of 
sampling, and time since antibiotic cessation, we found that 
each additional day of antimicrobial therapy was associated 
with 16% lower (aRR, 0.84; 95% CI, .73–.95) richness of ob-
ligate anaerobes. Additionally, AC therapy was associated 
with 111% higher (aRR, 2.11; 95% CI, 1.07–4.10) richness of 
obligate anaerobes compared to AT therapy. However, there 
was no difference between AC and AT therapy in the crude 
unadjusted analysis (Table 2). We did not find a difference 
in the richness of obligate anaerobes after exposure to ATM 
therapy (aRR, 0.81, 95% CI. .27–2.62) compared to AT therapy  
(Table 2).

We also found that each additional day of antimicrobial 
therapy was associated with 18% lower (aRR, 0.82; 95% CI, .67–
.97) richness of butyrate-producing families. However, we did 
not observe differences between richness of butyrate-producers 
and the antibiotic types ATM (aRR,  1.23; 95% CI, .29–6.56) 
or AC (aRR, 1.86; 95% CI, .76–4.24) compared to AT therapy 
(Table 2).

Table 1. Neonatal Intensive Care Unit Patient Characteristics

Term Infants (n = 28) Preterm Infants (n = 44)

Characteristic AT (n = 20) AC (n = 8) AT (n = 32) ATM (n = 12)

Male sex, n (%) 9 (45) 5 (62) 16 (50) 7 (58)

Mean weight (standard deviation), g 3275 (±658) 3301 (±403) 1839 (±707) 1694 (±639)

Gestational age,a weeks 39 (37–41) 39 (37–40) 32 (25–36) 33 (24–36) 

Age at sampling,a days 7 (3–29) 14.5 (4–28) 6.5 (3–221) 15 (5–35)

Caesarean delivery, n (%) 8 (40) 4 (57)b 18 (60)c 5 (42)

MBM, n (%) 15 (75) 5 (62) 23 (72) 9 (75)

Non-MBM,d n (%) 12 (60) 2 (25) 16 (50) 1 (8)

Total parenteral nutrition, n (%) 15 (75) 5 (62) 26 (81) 11 (92)

Antibiotic duration,a days 3 (1–8) 3.5 (2–8) 4 (2–8) 7 (1–10) 

Sepsis, n (%) 6 (30) 2 (25) 18 (56) 0 (0)

Gastrointestinal/Abdominal,e n (%) 2 (10) 0 (0) 4 (12) 7 (58)

Necrotizing enterocolitis,f n (%) 0 (0) 0 (0) 0 (0) 5 (42)

Surgical prophylaxis, n (%) 2 (10) 0 (0) 2 (6) 0 (0)

Respiratory, n (%) 5 (25) 1 (12) 8 (25) 0 (0)

Central nervous system, n (%) 5 (25) 5 (62) 0 (0) 0 (0)

Abbreviations: AC, ampicillin and cefotaxime; AT, ampicillin and tobramycin; ATM, ampicillin; tobramycin, and metronidazole; MBM, mother’s breast milk. 
aMedian (range).
bOne missing value for caesarean delivery.
cTwo missing values for caesarean delivery.
dNon-MBM includes formula, donor milk, and human milk fortifier.
eIncludes only nonnecrotizing enterocolitis indications.
fClassified as a gastrointestinal/abdominal indication.
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DISCUSSION

In this retrospective, observational cohort study of 67 evaluable 
NICU patients, each additional day of antibiotics was associ-
ated with 16% and 18% lower obligate anaerobe and butyrate-
producers at the end of therapy, respectively. We expected that 
longer durations of therapy would be associated with a lower 
abundance of anaerobes in NICU patients within 1 week of 
therapy. A recent systematic review reported that studies that 
assessed the effects of duration on neonatal gut microbiota 
found that longer durations of therapy are associated with lower 
microbial diversity [34]. However, these studies focused on pre-
term infants alone and grouped duration of antibiotic treatment 
categorically. The studies that did assess anaerobe abundance 
postantimicrobial exposure focused on specific anaerobes such 
as Clostridia spp. and Bifidobacterium spp. [34]. A strength of 
our study is that we quantified anaerobic composition across 
gestational ages while estimating the effect of duration as a con-
tinuous variable on the richness of all identified anaerobes.

We hypothesized that the addition of metronidazole and 
the use of cefotaxime compared to tobramycin would result 
in reduced microbial diversity. We did not observe differences 
in alpha diversity, dominant taxon, or anaerobe/butyrate-
producer relative abundance at the end of therapy between 
AT- and ATM-treated or AC-treated neonates. After adjusting 
for confounders, AC therapy was associated with greater rich-
ness of anaerobes compared to AT therapy. However, the 
number of evaluable infants who received ATM (n = 11) or AC 
(n = 7) in our study was small, and the effect of metronidazole 
or cefotaxime compared to tobramycin may be dependent on 
the initial composition of the gut microbiota, which we were 
unable to control for [35]. Importantly, antimicrobial suscep-
tibility profiles among anaerobic strains and species may differ 
between individuals, which could potentially contribute to the 
heterogeneity of antibiotic effects [36].

There are several limitations to this study. First, study inclu-
sion was based on antibiotic dispensing data, which may not 
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Figure 1. Compositional summary of stool swab samples in term (A–D) and preterm (E–H) neonatal intensive care unit patients 1 week postantimicrobial exposure, strat-
ified by treatment regimen received: AT, AC, or ATM. A and E, The relative abundances of phyla that represented >1% of each infant sample. Phyla representing <1% were 
aggregated as “Other.” B and F, The relative abundances of dominant genus-level taxa in each infant stool sample. We defined dominance as >30% relative abundance (* de-
notes the most abundant nondominant taxon <30%). C and G, The relative abundances of obligate anaerobes identified using Bergey’s Manual of Systematic Bacteriology and 
the basic local alignment search tool. Obligate anaerobes representing <1% relative abundance were aggregated as “Other.” D and H, The relative abundances of butyrate-
producers identified at the family level. The log scale 16S rRNA gene density relative to the lowest density sample is plotted beneath each patient’s sample. Abbreviations: 
AC, ampicillin and cefotaxime; AT, ampicillin and tobramycin; ATM, ampicillin, tobramycin, and metronidazole.
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have captured prior regimens, especially in older infants who 
were admitted to our NICU from other hospitals. AC therapy 
was only prescribed to term infants, while infants with GI/ab-
dominal indications were prescribed longer durations of met-
ronidazole compared to the other indications. Although we 
controlled for these confounders, they are potentially associ-
ated with additional unmeasured confounders of gut micro-
biota composition. The 16S rRNA gene sequencing has limited 
taxonomic resolution, which restricted our ability to infer the 
anaerobic status of all taxa. Shotgun metagenomic sequencing 
would enable more precise taxonomic annotation.

Our cohort did not include either repeat post-treatment 
sampling or linking to in-patient or longitudinal outcomes. 
Although infancy represents a critical developmental window 
for the microbiota, the microbiota may recover between dif-
ferent treatment groups equally regardless of antimicrobial 
exposure. However, antimicrobial exposure in this period in 
humans [3, 4, 6, 7] and microbiota perturbation during a critical 

time window (2–4 weeks) in mice has been linked to long-term 
outcomes [37].

We were not powered to analyze duration-specific differences 
during different time windows (eg, first days vs later days after 
initiation of antibiotics). Most antibiotic use in the NICU is em-
piric, initiated for suspected rather than proven infection, and is 
common for culture-negative sepsis rather than culture-proven 
sepsis in neonates [1, 2]. Antimicrobial duration increases the 
risks of C.  difficile [38] or antimicrobial resistance [39] in as 
little as 24–48 hours, and it is possible that the greatest risk to 
the microbiota may occur in the initial few days of therapy.

In conclusion, we found that in all infants, each additional 
day of antibiotics was associated with lower obligate anaerobes 
and butyrate-producers. Our findings add to the expanding 
literature on the unintended harms associated with prolonged 
antibiotic use in neonates. This information may be incorpo-
rated into risk/benefit assessments for discontinuing antibiotic 
therapy where continuation is inappropriate. Further research 
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Figure 2. A, Obligate anaerobe richness (number of unique taxa at the genus level) in term and preterm infants, stratified by treatment regimen received: AT, AC, or ATM. 
Median and interquartile range are plotted. B–D, Simple linear regression of duration of therapy, measured in days, on the richness of obligate anaerobes in all infants (B) 
and in term (C) and preterm (D) neonatal intensive care unit patients by treatment regimen received. Patients with no bacterial 16s rRNA gene density, as determined by the 
quantitative polymerase chain reaction cutoff for detectable bacterial density, were included as zeroes in the measures of anaerobe richness. Abbreviations: AC, ampicillin 
and cefotaxime; AT, ampicillin and tobramycin; ATM, ampicillin, tobramycin, and metronidazole.
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is needed to determine whether incorporation of microbiome 
information into therapeutic decision-making will impact 
prescribing practices or improve clinical outcomes. When 

prolonged therapy is needed to treat infection, coadministration 
or postantimicrobial pre- and/or probiotics may represent a 
strategy to restore or protect health-associated anaerobes and 
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Figure 3. A, Butyrate-producer richness (number of unique taxa at the family level) in term and preterm infants, stratified by treatment regimen received: AT, AC, or ATM. 
Median and interquartile range are plotted. B–D, Simple linear regression of duration of therapy, measured in days, on the richness of butyrate-producers in all infants (B) 
and in term (C) and preterm (D) neonatal intensive care unit patients by treatment regimen received. Patients with no bacterial 16s rRNA gene density, as determined by the 
quantitative polymerase chain reaction cutoff for detectable bacterial density, were included as zeroes in the measures of butyrate-producer richness. Abbreviations: AC, 
ampicillin and cefotaxime; AT, ampicillin and tobramycin; ATM, ampicillin, tobramycin, and metronidazole.

Table 2. Crude and Adjusted Effect Estimates of Antimicrobial Regimen Variables on the Richness of Anaerobes and Butyrate-producers

Obligate Anaerobe Richness Butyrate-producer Richness

Independent Variable cRR (95% CI) aRR (95% CI)a cRR (95% CI) aRR (95% CI)a

Antibiotic durationb 0.83 (.72–.94)c 0.84 (.73–.95)d 0.82 (.70–.95)e 0.82 (.67–.97)f

ATM vs AT 0.60 (.26–1.36) 0.81 (.27–2.62) 0.71 (.27–1.57) 1.23 (.29–6.56)

AC vs AT 1.72 (.80–3.86) 2.11 (1.07–4.10)e 1.68 (.76–3.33) 1.86 (.76–4.24)

Abbreviations: AC, ampicillin and cefotaxime; aRR, adjusted risk ratio; AT, ampicillin and tobramycin; ATM, ampicillin, tobramycin, and metronidazole; cRR, crude risk ratio; CI, confidence 
interval.
aAdjusted for gestational age (weeks), age at sampling (days), time since antibiotic cessation (days), indication, mother’s breast milk exposure, and delivery mode.
bAntibiotic duration is measured in days.
cP value is significant (P = .005).
dP value is significant (P = .008).
eP value is significant (P = .01).
fP value is significant (P = .03).
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mitigate potentially harmful off-target effects of antimicrobials 
on the microbiota. Further research on safety and optimal agent 
is needed, and a large longitudinally sampled cohort is needed 
to validate the results of this study.
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line. Consisting of data provided by the authors to benefit the reader, the 
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sponding author.

Notes
Financial support. This work was supported by the Ontario Genomics 

SPARK 2016 Microbiome Competition.
Potential conflicts of interest. B.  C.  reports grants from NuBiyota, 

Weston Foundation, Ontario Thoracic Society, Cystic Fibrosis Foundation 
(US), Physician Services Incorporated Foundation, Canadian Institutes for 
Health Research, McLaughlin Foundation, and Genomics Ontario outside 
the submitted work. All other authors report no potential conflicts. The au-
thor has submitted the ICMJE Form for Disclosure of Potential Conflicts 
of Interest. Conflicts that the editors consider relevant to the content of the 
manuscript have been disclosed.

References
1. Stocker M, Ferrao E, Banya W, Cheong J, Macrae D, Furck A. Antibiotic surveil-

lance on a paediatric intensive care unit: easy attainable strategy at low costs and 
resources. BMC Pediatr 2012; 12:196.

2. Fjalstad JW, Stensvold HJ, Bergseng H, et al. Early-onset sepsis and antibiotic ex-
posure in term infants: a nationwide population-based study in Norway. Pediatr 
Infect Dis J 2016; 35:1–6.

3. Esaiassen E, Fjalstad JW, Juvet LK, van den Anker JN, Klingenberg C. Antibiotic 
exposure in neonates and early adverse outcomes: a systematic review and meta-
analysis. J Antimicrob Chemother 2017; 72:1858–70.

4. Ting  JY, Roberts  A, Sherlock  R, et  al. Duration of initial empirical antibi-
otic therapy and outcomes in very low birth weight infants. Pediatrics 2019; 
143:e20182286.

5. Ajslev TA, Andersen CS, Gamborg M, Sørensen TI, Jess T. Childhood overweight 
after establishment of the gut microbiota: the role of delivery mode, pre-pregnancy 
weight and early administration of antibiotics. Int J Obes 2011; 35:522–9.

6. Arrieta MC, Stiemsma LT, Dimitriu PA, et al; CHILD Study Investigators. Early 
infancy microbial and metabolic alterations affect risk of childhood asthma. Sci 
Transl Med 2015; 7:307ra152.

7. Örtqvist AK, Lundholm C, Halfvarson  J, Ludvigsson  JF, Almqvist C. Fetal and 
early life antibiotics exposure and very early onset inflammatory bowel disease: a 
population-based study. Gut 2019; 68:218–25.

8. Bowes J, Yasseen AS 3rd, Barrowman N, et al. Antimicrobial stewardship in pedi-
atrics: focusing on the challenges clinicians face. BMC Pediatr 2014; 14:212.

9. Patel SJ, Saiman L. Principles and strategies of antimicrobial stewardship in the 
neonatal intensive care unit. Semin Perinatol 2012; 36:431–6.

10. Schulman J, Dimand RJ, Lee HC, Duenas GV, Bennett MV, Gould JB. Neonatal 
intensive care unit antibiotic use. Pediatrics 2015; 135:826–33.

11. Bokulich NA, Chung J, Battaglia T, et al. Antibiotics, birth mode, and diet shape 
microbiome maturation during early life. Sci Transl Med 2016; 8:343ra82.

12. Gensollen T, Iyer SS, Kasper DL, Blumberg RS. How colonization by microbiota 
in early life shapes the immune system. Science 2016; 352:539–44.

13. Pamer EG. Resurrecting the intestinal microbiota to combat antibiotic-resistant 
pathogens. Science 2016; 352:535–8.

14. Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria 
promote peripheral regulatory T-cell generation. Nature 2013; 504:451–5.

15. Kelly  CJ, Zheng  L, Campbell  EL, et  al. Crosstalk between microbiota-derived 
short-chain fatty acids and intestinal epithelial HIF augments tissue barrier func-
tion. Cell Host Microbe 2015; 17:662–71.

16. Byndloss  MX, Olsan  EE, Rivera-Chávez  F, et  al. Microbiota-activated PPAR-γ 
signaling inhibits dysbiotic Enterobacteriaceae expansion. Science 2017; 
357:570–5.

17. Smith  PM, Howitt  MR, Panikov  N, et  al. The microbial metabolites, short-
chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013; 
341:569–73.

18. Caporaso  JG, Lauber  CL, Walters  WA, et  al. Ultra-high-throughput microbial 
community analysis on the Illumina HiSeq and MiSeq platforms. ISME J 2012; 
6:1621–4.

19. Bolyen E, Rideout JR, Dillon MR, et al. QIIME 2: reproducible, interactive, scal-
able, and extensible microbiome data science. PeerJ Prepr 2018; 6:e27295v1.

20. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: 
high-resolution sample inference from Illumina amplicon data. Nat Methods 
2016; 13:581–3.

21. McDonald D, Price MN, Goodrich J, et al. An improved Greengenes taxonomy 
with explicit ranks for ecological and evolutionary analyses of bacteria and ar-
chaea. ISME J 2012; 6:610–8.

22. Brenner DJ, Kreig NR, Staley JT, Garrity GM, eds. Bergey’s manual of systematic 
bacteriology. Vol. 2, the proteobacteria part B, the gammaproteobacteria. 2nd ed. 
New York: Springer-Verlag, 2005.

23. Brenner DJ, Kreig NR, Staley  JT, Garrity GM, eds. Bergey’s manual of system-
atic bacteriology. Vol. 2, the proteobacteria part C, the alpha-, beta-, delta-, and 
epsilonproteobacteria. 2nd ed. New York: Springer-Verlag, 2005.

24. Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, et al, eds. Bergey’s 
Manual of systematic bacteriology. Vol. 3, the firmicutes. 2nd ed. New York: 
Springer-Verlag, 2009.

25. Krieg NR, Ludwig W, Whitman W, Hedlund BP, Paster BJ, Staley JT, et al, eds. 
Bergey’s manual of systematic bacteriology. Vol. 4, the Bacteroidetes, Spirochaetes, 
Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres, Fusobacteria, 
Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae, 
and Planctomycetes. 2nd ed. New York: Springer-Verlag, 2010.

26. Whitman W, Goodfellow M, Kämpfer P, Busse H-J, Trujillo M, Ludwig W, et al, 
eds. Bergey’s manual of systematic bacteriology. Vol. 5, the Actinobacteria. 2nd 
ed. New York: Springer-Verlag, 2012.

27. Romick-Rosendale  LE, Haslam  DB, Lane  A, et  al. Antibiotic exposure and re-
duced short chain fatty acid production after hematopoietic stem cell transplant. 
Biol Blood Marrow Transplant 2018; 24:2418–24.

28. La Rosa PS, Warner BB, Zhou Y, et al. Patterned progression of bacterial popula-
tions in the premature infant gut. Proc Natl Acad Sci U S A 2014; 111:12522–7.

29. Arboleya S, Binetti A, Salazar N, et al. Establishment and development of intes-
tinal microbiota in preterm neonates. FEMS Microbiol Ecol 2012; 79:763–72.

30. Cong X, Xu W, Janton S, et al. Gut microbiome developmental patterns in early life 
of preterm infants: impacts of feeding and gender. PLoS One 2016; 11:e0152751.

31. Bäckhed F, Roswall J, Peng Y, et al. Dynamics and stabilization of the human gut 
microbiome during the first year of life. Cell Host Microbe 2015; 17:690–703.

32. Stewart  CJ, Embleton  ND, Marrs  ECL, et  al. Longitudinal development of the 
gut microbiome and metabolome in preterm neonates with late onset sepsis and 
healthy controls. Microbiome 2017; 5:75.

33. Pammi M, Cope J, Tarr PI, et al. Intestinal dysbiosis in preterm infants preceding 
necrotizing enterocolitis: a systematic review and meta-analysis. Microbiome 
2017; 5:31.

34. Fjalstad JW, Esaiassen E, Juvet LK, van den Anker JN, Klingenberg C. Antibiotic 
therapy in neonates and impact on gut microbiota and antibiotic resistance devel-
opment: a systematic review. J Antimicrob Chemother 2018; 73:569–80.

35. Raymond F, Ouameur AA, Déraspe M, et al. The initial state of the human gut 
microbiome determines its reshaping by antibiotics. ISME J 2016; 10:707–20.

36. Weintraub  A, Rashid  MU, Nord  CE. In-vitro activity of solithromycin against 
anaerobic bacteria from the normal intestinal microbiota. Anaerobe 2016; 
42:119–22.

37. Al Nabhani Z, Dulauroy S, Marques R, et al. A weaning reaction to microbiota 
is required for resistance to immunopathologies in the adult. Immunity 2019; 
50:1276–1288.e5.

38. Branch-Elliman W, O’Brien W, Strymish J, Itani K, Wyatt C, Gupta K. Association 
of duration and type of surgical prophylaxis with antimicrobial-associated ad-
verse events. JAMA Surg 2019; 154:590–98.

39. Teshome BF, Vouri SM, Hampton N, Kollef MH, Micek ST. Duration of exposure 
to antipseudomonal β-lactam antibiotics in the critically ill and development of 
new resistance. Pharmacotherapy 2019; 39:261–70.


