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SUMMARY
Preterm birth may result in adverse health outcomes. Very preterm infants typically exhibit postnatal growth
restriction, metabolic disturbances, and exaggerated inflammatory responses. We investigated the differ-
ences in the meconium microbiota composition between very preterm (<32 weeks), moderately preterm
(32–37 weeks), and term (>37 weeks) human neonates by 16S rRNA gene sequencing. Human meconium
microbiota transplants to germ-free mice were conducted to investigate whether the meconium microbiota
is causally related to the preterm infant phenotype in an experimental model. Our results indicate that very
preterm birth is associated with a distinct meconium microbiota composition. Fecal microbiota transplant
of very preterm infant meconium results in impaired growth, altered intestinal immune function, and meta-
bolic parameters as compared to term infant meconium transplants in germ-free mice. This finding suggests
that measures aiming to minimize the long-term adverse consequences of very preterm birth should be
commenced during pregnancy or directly after birth.
INTRODUCTION

Preterm birth is a major global health problem affecting�10% of

pregnancies,1 corresponding to roughly 15 million preterm neo-

nates born every year.2 Globally, preterm birth is the leading

cause of death in children younger than 5 years of age.3 In addi-

tion to increased mortality, preterm infants exhibit a high risk of

both short- and long-term morbidity.4 Postnatal growth restric-

tion is a common problem in very preterm (VPT) infants.5 While

suboptimal nutritional management is an important cause of

impaired postnatal growth,6 inflammation is also thought to

contribute to the pathogenesis of growth failure in preterm neo-

nates.7–9 Later in life, preterm birth is associated with signifi-

cantly increased occurrence of the metabolic syndrome10 and

other risk factors for metabolic and cardiovascular disease in

adulthood.11

Preterm neonates exhibit aberrant gut colonization patterns.12

Reduced microbial diversity12 and delayed colonization with

Bifidobacteria13 have been reported to be characteristic of the

preterm gut microbiota. Interestingly, the meconium microbiota

detected in preterm neonates differs not only from the gut micro-

biota in the same individuals later in the neonatal period and
Cell Repor
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infancy,14 but also from the meconium microbiota of term neo-

nates.15 The origin of meconium microbiota is a topic of debate,

and maternal transmission has been suggested.16 It has previ-

ously been shown that defective gut microbiota maturation is

concomitant with postnatal growth failure.17 According to recent

reports, the gut microbiota composition at the age of 2 days may

be associated with preterm infant growth during the first weeks

of life,18 and specific meconium microbiota features have been

linkedwith extrauterine growth in neonates born before 33weeks

of gestation.19 Whether the initial preterm gut microbiota caus-

ally affects early growth or the development of the inflammatory

or metabolic adverse consequences of prematurity remains

unknown.

In this study, we characterized the differences in the meco-

nium microbiota in a cohort of VPT, moderately preterm (PT),

and term (FT) human neonates. The causal contribution of the

meconium microbiota to the growth failure, inflammatory im-

mune state, and metabolic disturbances often encountered in

VPT neonates was investigated in an experimental mousemodel

by performing fecal microbiota transplantation (FMT). Our results

revealed significant differences in the meconium microbiota

composition among the three groups. A statistically significant
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:omry.koren@biu.ac.il
mailto:samulirautava@gmail.com
https://doi.org/10.1016/j.xcrm.2021.100447
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100447&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Report
ll

OPEN ACCESS
growth restriction, as well as an altered inflammatory response

and metabolic disturbances characteristic of VPT neonates

were seen in germ-free (GF) mice receiving meconium FMT

from VPT neonates.

RESULTS

The clinical characteristics of the neonates in the study are pre-

sented in Table 1. The extremely preterm infants (born at

<28 weeks of gestation) and VPT infants (born from 28 to

32 weeks of gestation) in the study were combined as one group

(VPT) for the statistical analyses. None of the neonates in the

study exhibited symptoms or signs of perinatal asphyxia, as re-

flected in their Apgar scores at 5 and 15min of age. Onlymothers

with symptoms and signs suggesting a high risk of spontaneous

preterm delivery were recruited, and, consequently, all of the ne-

onates included in this study had been exposed to antenatal

corticosteroid treatment. It is noteworthy that the FT infants

were mainly vaginally born, whereas in the preterm groups,

caesarean section deliveries occurred in approximately half of

the cases. The mothers were recruited during pregnancy, and

the mode of delivery could not be predicted.

VPT infants harbor a unique meconium microbiota
Significant differences in the meconium microbiota composition

were detected between VPT, PT, and FT neonates. The meco-

nium microbiota was analyzed by sequencing the 16S rRNA

gene, and bioinformatics analyses were performed using

QIIME2. Both VPT and PT neonates exhibited significantly lower

alpha (within-sample) diversity as compared to FT neonates

when assessed by Faith’s phylogenetic diversity (Figure 1A;

p < 0.05). Moreover, significant clustering of the meconium mi-

crobiota between VPT, PT, and FT neonates was observed

when beta diversity was analyzed using unweighted UniFrac

(Figure 1B; q = 0.003). At the phylum level, Firmicutes were the

dominant phylum in 95% of all meconium samples (highest

abundance observed in the VPT neonates as compared to PT

and FT neonates); the second most dominant phylum was Bac-

teroidetes in 50% of all meconium samples. Figure 1C summa-

rizes the 12 most abundant bacterial families in each sample.

Linear discriminant analysis effect size (LEfSe) was performed

to investigate differences in the community composition be-

tween the groups, and the features differentiating the groups

are summarized in Figure 1D.

Differences in weight gain, inflammatory cytokine gene
expression, and metabolic hormone levels in mice after
FMT
FMT with meconium from VPT, PT, or FT neonates was per-

formed to 18 eight-week-old GF mice to establish whether the

altered meconium microbiota in VPT neonates may play a role

in the development of the preterm infant phenotype. Mouse stool

samples were collected at 7 and 35 days post-FMT. At 7 days,

Akkermansia and Faecalibacterium were found to be overrepre-

sented inmice receiving FMT fromVPT infants (LEfSe; Figure S1).

An unclassified Clostridiales was overexpressed in mice that

received FMT from PT infants 35 days after the transplant

(Figure S2).
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To assess the association between the meconium microbiota

and growth, mouse weight was monitored, and weight fold

change was calculated in the mice as a measure of growth after

FMT. After 35 days, the mice that received the meconiummicro-

biota of VPT neonates had gained significantly less weight

compared to the mice that received the meconium microbiota

of FT neonates (Figure 2A; p < 0.001), while the mice receiving

FMT from PT neonates exhibited intermediate growth. These re-

sults suggest that the distinct microbiota in VPT infant meconium

is associated with growth failure in mice.

We next investigated the impact of FMT from VPT, PT, and FT

neonates on intestinal immune activation. The expression of

mRNA encoding the inflammatory cytokines interleukin-1b (IL-

1b) and interleukin-6 (IL-6) was measured from the mouse termi-

nal ileum samples collected after sacrificing the mice on day 35

of the experiment. Themice receiving themicrobiota from FT ne-

onates had significantly higher levels of IL-1b compared to mice

transplanted from VPT (p < 0.01) and PT (p < 0.05) neonates (Fig-

ure 2B). The mice receiving meconium microbiota from VPT and

PT neonates displayed significantly higher intestinal inflamma-

tory activation, as measured by IL-6 mRNA (Figure 2C; p <

0.05) levels as compared to themice receiving themeconiummi-

crobiota of FT neonates. These data indicate that mice receiving

FMT with very premature meconium exhibit altered intestinal in-

flammatory activation.

Finally, we assessed the impact of FMT from VPT, PT, and FT

neonates on mouse metabolism. Plasma levels of the metabolic

hormones insulin and leptin were measured from blood samples

collected after sacrificing the mice on day 35 of the experiment.

Themice receiving themeconium of VPT neonates exhibited sta-

tistically significant differences in the metabolic state as demon-

strated by significantly lower plasma levels of both insulin and

leptin, as compared to the mice that received meconium from

FT neonates (Figures 2D and 2E; p < 0.05). The mice receiving

FMT from PT neonates exhibited intermediate levels of meta-

bolic hormones.

DISCUSSION

Our results demonstrate that the common VPT infant phenotype,

which includes growth restriction, altered immune responsive-

ness, and metabolism, can be transferred to GF mice by meco-

niummicrobiota transplant. Themeconiummicrobiota composi-

tion of VPT neonates was significantly distinct from that of FT

neonates and exhibited lower alpha diversity. It is well estab-

lished that the gut microbiota in preterm infants during the first

weeks of life is markedly different from that of term infants.

This may be caused, at least in part, by exposures known to per-

turb normal gut colonization, including caesarean section deliv-

ery20 and antibiotic exposure,21,22 as well as reduced breast-

feeding and skin-to-skin contact, which often coexist in

preterm neonates. However, we have previously reported that

in addition to these exposures, prematurity per se affects early

gut colonization patterns.23 According to a detailed study by

Korpela and colleagues,24 the gut microbiota of VPT and PT ne-

onates is initially dominated by only a few bacterial taxa, but the

gut microbiota composition over the first postnatal weeks grad-

ually evolves to be primarily composed of Bifidobacteria and



Table 1. Clinical characteristics of the study population

Group

Intrapartum

antibiotics Gender

Mode of

delivery

GA,

weeks Birth weight, g

Z

score

Apgar

5 min

Apgar

15 min

Meconium

analysis FMT

Sample collection

date

Very preterm

VPT1 yes female CS 30 + 4/7 1,730 0.3 6 8 yes yes 2

VPT2 yes male CS 25 + 0/7 850 0.6 8 N/A yes yes 4

VPT3 yes male vaginal 28 + 5/7 1,390 0.6 8 N/A yes yes 3

VPT4 yes female vaginal 26 + 6/7 1,000 �0.1 2 7 yes yes 2

VPT5 no female vaginal 30 + 4/7 1,420 �0.5 10 10 yes no 1

Mean – – – 28 + 2/7 1,278 0.2 – – – – –

Moderately preterm

PT1 yes female CS 33 + 6/7 3,840 5.4 8 9 yes yes 5

PT2 yes female vaginal 34 + 6/7 2,280 �1 10 10 yes yes 2

PT3 yes male vaginal 34 + 2/7 1,645 �2.7 9 9 yes yes 2

PT4 yes male CS 36 + 1/7 2,420 �1.6 9 9 yes yes 5

PT5 yes male CS 34 + 2/7 2,295 �0.7 9 9 yes yes 3

PT6 yes female vaginal 35 + 0/7 2,460 �0.5 9 9 yes yes 1

PT7 yes male vaginal 33 + 4/7 2,640 1.3 8 8 yes no 3

Mean – – – 34 + 4/7 2,511 0 – – – – –

Term

FT1 no male vaginal 37 + 0/7 3,230 0.1 9 9 yes yes 1

FT2 yes male vaginal 38 + 2/7 2,840 �1.4 9 9 yes yes 2

FT3 no male vaginal 38 + 5/7 3,640 0.2 9 9 yes yes 2

FT4 yes female vaginal 38 + 6/7 3,190 �0.6 9 9 yes yes 2

FT5 no female vaginal 41 + 5/7 3,400 �0.6 9 9 yes yes 2

FT6 no female vaginal 40 + 6/7 4,440 1.7 9 9 yes yes N/A

FT7 no female vaginal 38 + 4/7 3,580 0.5 9 9 yes yes 1

FT8 no female vaginal 38 + 4/7 2,820 �1.3 9 9 no yes 3

Mean – – – 39 + 0 3,393 �0.2 – – – – –

CS, caesarean section; FMT, fecal microbiota transplant; GA, gestational age.

Report
ll

OPEN ACCESS
thus resembles that of FT infants. Interestingly, while the overall

microbiota composition appeared to be strongly correlated with

postnatal age in the study, postmenstrual age was the strongest

determinant of gut microbiota composition. In the present study,

significant differences in gut microbiota composition between

VPT, PT, and FT neonates were already detected in meconium.

These results are consistent with a previous study indicating that

the meconium microbiota in preterm neonates differs from the

meconium microbiota in FT neonates, but also from the gut mi-

crobiota in the same individuals later in the neonatal period

and infancy.14 Even though postnatal influences cannot

completely be ruled out, these data may be interpreted to indi-

cate that gestational age and prenatal exposures may influence

the initial gut microbiota. It has been suggested that the altered

meconium microbiota in preterm neonates may be pro-inflam-

matory and causally linked to the maternal and fetal inflamma-

tory responses associated with preterm delivery.15 The present

study endeavored to systematically assess the consequences

of aberrant initial gut colonization.

Postnatal growth restriction is a substantial clinical problem

in very low birth weight preterm infants.25 Undoubtedly, subop-

timal nutritional management often contributes to the growth
failure.26 Interestingly, it has been reported that early gut micro-

biota composition assessed at 2 and 10 days of age is associ-

ated with weight gain in preterm neonates born between 28

and 33 weeks of gestation.18 According to a recent report,

defective gut microbiota maturation was observed in extremely

preterm infants with growth failure as compared to those exhib-

iting normal growth.17 It is of particular interest that lower intes-

tinal microbiota diversity preceded the development of

impaired growth and was detectable already during the first

week of life. The results of the present study provide evidence

for a possible causal relationship between aberrant initial gut

microbiota composition and growth failure in preterm neonates.

We demonstrate that mice receiving VPT meconium microbiota

transplants exhibit statistically significantly restricted growth as

compared to mice receiving FMT of meconium from FT neo-

nates, despite uniform nutritional management of the experi-

mental animals. The association between gut microbiota

composition and growth is well established by clinical and

experimental studies in the context of overweight and obesity

in later life.27 A recent report shows an association between

the first stool and obesity at the age of 3 years.28 Intestinal mi-

crobes are known to contribute to energy harvest from the diet
Cell Reports Medicine 2, 100447, November 16, 2021 3



Figure 1. Meconium composition in the very preterm (VPT), moderately preterm (PT), and term (FT) neonates

(A) Alpha diversity among the VPT, PT, and FT neonates using Faith’s phylogenetic diversity index, compared using t tests (p < 0.05). Data are means ± standard

errors of the mean (SEMs).

(B) Principal coordinate analysis (PCoA) of unweighted UniFrac distances between the microbiota of the 3 groups (PERMANOVA, q = 0.003).

(C) Relative abundance at the family level.

(D) The greatest differences in taxa between the 3 groups are presented according to the linear discriminant analysis (LDA) scores (log10), as determined using the

LEfSe method.

*p < 0.05; VPT, very preterm (n = 5); PT, moderately preterm (n = 7); FT, term (n = 7). X denotes extremely preterm neonates (gestational age <28 weeks) within the

VPT group.
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and modulate host metabolism associated with growth and en-

ergy storage. Defective gut microbiota maturation has previ-

ously been reported to be associated with growth failure in un-

dernourished children.29 The potential causal role of aberrant

initial gut colonization in subsequent growth restriction

observed in this study may be explained by the inflammatory

activation observed in both the VPT neonates and the experi-

mental animals receiving the FMT.
4 Cell Reports Medicine 2, 100447, November 16, 2021
Inflammatory activation is associated with preterm birth and

many of its adverse consequences. According to a report by

Schreurs and colleagues,30 the fetal gut harbors naive CD4+

T cells, which support mucosal development. Dysregulation of

this process by preterm birth and premature exposure to anti-

gens was suggested to contribute to intestinal inflammation in

the study. In the present study, an intestinal inflammatory tone

reflected by the modest but statistically significant increase in



Figure 2. The effect of FMT using meco-

nium on growth, metabolic hormones, and

inflammatory cytokines in germ-free mice

(A) Percent weight gain (M.VPT n = 4, M.PT n = 6,

M.FT n = 8).

(B and C) Expression of inflammatory cytokines in

mice terminal ileum, determined by quantitative

PCR analysis.

(B) Expression of IL-1b (M.VPT n = 3, M.PT n = 5,

M.FT n = 7).

(C) Expression of IL-6 (M.VPT n = 3, M.PT n = 5,

M.FT n = 7).

(D and E) Concentration of metabolic hormones in

mouse blood determined by multiplex assay; .

(D) Concentration of insulin (M.VPT n = 3, M.PT

n = 6, M.FT n = 8).

(E) Concentration of leptin (M.VPT n = 3, M.PT

n = 6, M.FT n = 8).

Data represent the means ± SEMs. Regarding

mice microbiota results, see Figures S1 and S2.

FMT, fecal microbiota transplantation; M.VPT,

mouse very preterm; M.PT, mouse moderately

preterm; M.FT, mouse term. ***p < 0.001; ***p <

0.01; *p < 0.05 (t test).
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baseline IL-6 expression was seen in the mice receiving FMT

from VPT infants but not in those receiving FMT of PT or FT

meconium. We also observed a decrease in intestinal IL-1b in

mice receiving VPT neonate meconium microbiota. Despite its

proinflammatory roles, this cytokine has been reported to also

play a role in intestinal repair.31 It is well established that a pro-

pensity to exaggerated intestinal inflammatory responses in pre-

term neonates plays a role in the pathogenesis of necrotizing

enterocolitis (NEC), an inflammatory intestinal disease afflicting

preterm neonates.32 Based on experiments using a gnotobiotic

mouse model, Yu et al.33 have reported that FMT with early gut

microbiota from preterm infants exhibiting poor growth resulted

in defective intestinal maturation as compared to those receiving

FMT from preterm infants with normal weight gain. These data

suggest that aberrant initial gut microbiota composition may

impair growth and increase NEC risk by inducing inflammation

and perturbing gut maturation. In addition, inflammation has
Cell Reports
been linked to adverse neurological and

growth outcomes in VPT infants.7–9 Inter-

ventions aiming to modulate gut coloni-

zation and intestinal immune responses,

including early human milk feeding34,35

and probiotics,36 have been shown to

reduce both intestinal inflammation and

adverse clinical outcomes,37–39 including

NEC.40 Our present data may be inter-

preted to suggest that preventive ap-

proaches involving interventions aiming

to influence early gut colonization could

be initiated prenatally.

Metabolic alterations are common in

preterm infants in the neonatal period

and beyond. According to epidemiolog-

ical and cohort studies, preterm birth is
associated with an increased incidence of the metabolic syn-

drome and a significantly increased occurrence of risk factors

for later metabolic and cardiovascular disease, including lower

lean body mass, higher body fat content, and impaired glucose

metabolism.10,11 The cord blood concentration of leptin has

been reported to be lower in preterm as compared to term ne-

onates.41,42 Insulin and leptin both function as fetal growth fac-

tors,41,43 and fetal and neonatal exposure to leptin has been

suggested to protect from the development of adverse meta-

bolic outcomes in later life.44 It has recently been suggested

that the aberrant gut microbiota observed in extremely preterm

infants suffering from growth retardation may contribute to a

persistent metabolic state resembling fasting characterized

by defective anabolic glucose metabolism.17 In the present

study, mice receiving FMT from VPT infants exhibited signifi-

cantly lower plasma concentrations of insulin and leptin, which

may explain the growth restriction observed in the mice
Medicine 2, 100447, November 16, 2021 5
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receiving FMT from VPT infants. This demonstrates a causal

connection between initial gut colonization patterns and the

adverse metabolic consequences of very preterm birth.

Our results suggest that the prenatal events leading to very

preterm birth and their impact on initial gut colonization may

play an important role in the development of the adverse conse-

quences of preterm birth. Experimental and clinical studies aim-

ing to further elucidate the exposures and events modulating the

meconiummicrobiota may provide a basis for means to improve

the long-term health of individuals born preterm.

Limitations of the study
Our study has obvious limitations. We included a relatively small

number of subjects and, consequently, neonates born as

extremely preterm infants (before 28 weeks of gestation) and

very preterm (born between 28 and 32 weeks of gestation)

were analyzed as a single group. The meconium samples were

collected from diapers and therefore potentially exposed to envi-

ronmental microbes. However, uniform sample collection proto-

col and tools were used to avoid systemic bias. The meconium

samples collection time had some variation, since they were

collected 0–5 days after birth. Nonetheless, our results regarding

meconium microbiota composition are significant and consis-

tent with previously published larger studies. We therefore

believe the samples to be representative. There was variation

in the groups regarding the mode of birth. Due to the study

design, the mode of birth could not be predicted. In future

research, the caesarean section rate differences should be mini-

mized. A further limitation of our study is the fact that the weight

gain, inflammatory responsiveness, or metabolic outcomes of

the infants participating in this study were not reported due to

the small sample size and poor availability of data. Instead, we

relied on previously published data, which indicate that postnatal

growth failure is a frequently encountered problem in very pre-

term infants, and that adverse metabolic consequences are

common. Despite these limitations, we believe that our data reli-

ably demonstrates an association between the aberrant meco-

nium microbiota and the characteristic preterm infant pheno-

type, including growth failure, inflammatory immune tone, and

metabolic disturbances associated with impaired growth and

metabolic disease. Furthermore, our results from the FMT exper-

iments in GF mice suggest that a causal relationship may under-

lie these associations. Although assuming interspecies transfer

of pathology is prone to criticism and the results should be inter-

preted with caution,45 FMT from individuals with and without pa-

thology into GF rodents, followed by a comparative analysis of

pathological phenotypes in the recipient animals, regardless of

actual microbiota composition, remains the most commonly

used model to make causal inferences regarding gut microbiota

aberrancies and pathogenesis of disease.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Newborn fecal samples Turku University Hospital, Turku, Finland N/A

Critical commercial assays

PureLink Microbiome DNA Purification Kit Invitrogen, ThermoFisher Scientific CAT# A29790

AMPure XP for PCR clean-up (magnetic

beads)

Beckman Coulter CAT# A63882

Quant-iT PicoGreen dsDNA quantitation kit Invitrogen, ThermoFisher Scientific CAT# P7589

MO BIO’s PowerSoil DNA Isolation Kit

Handbook

QIAGEN CAT# 12855

5x All-in-One RT MasterMix abm CAT# G592

Fast SYBR Green Master mix Applied Biosystems CAT# 43-856-12

Total RNA Purification Kit Norgen Biotek Corp CAT# 17200

Deposited data

Sequence data This paper ENA:PRJEB46240; DDBJ:ERP130461

Experimental models: organisms/strains

Mouse: Swiss Webster Azrieli Medical Faculty Animal Facility WT – established colony in the faculty

Software and algorithms

QIIME2 Bolyen et al., 201946 https://qiime2.org/

DADA2 Callahan et al., 201647 https://benjjneb.github.io/dada2/tutorial.

html

Other

Mouse Chow: Maintenance Diet Altromin International Diet 1324
RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to andwill be fulfilled by the lead contact, Samuli Rautava (samulirautava@gmail.

com).

Materials Availability
The study did not generate new unique reagents.

Data and code availability

d The sequence data have been deposited to ENA and DDBJ and are publicly available as of the date of publication. The project

numbers are provided in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
The children were born at the Turku University Hospital, Turku, Finland. The study was approved by the Ethics Committee of the

Hospital District of Southwest Finland. Oral and written informed consent was obtained from the caregivers. All mouse experimental

protocols were approved by the Bar Ilan Ethics Committee.
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Human cohort
The study was based on samples collected from 20 neonates participating in an observational study at the Turku University Hospital

in Turku, Finland. Pregnant women with symptoms or signs suggesting high risk of spontaneous preterm delivery were included. No

randomization was conducted. The recruited mothers and their infants were grouped by gestational age at delivery. Altogether, 5

neonates were born VPT (before 320/7 weeks of gestation), 7 neonates were born PT (320/7-366/7 weeks of gestation) and 8 neonates

were born FT (after 370/7 weeks of gestation). It is of note that both neonates born before 28 weeks of gestation and those born be-

tween 28-32 weeks of gestation were included in the VPT group.

Mice
8-10 weeks old germ-free Swiss Webster female mice were used for this study. The mice were housed in isolated cages and main-

tained on a 12-h light/dark cycle. All mice were handled uniformly and fed the same diet (Maintenance Diet 1324, Altromin Interna-

tional, Germany). All mouse experimental protocols were approved by the Bar Ilan Ethics Committee.

METHOD DETAILS

Meconium microbiota
Meconium samples (the first stool passed by the neonate after birth) were collected from the study subjects. To minimize environ-

mental contamination, standardized protocols were used in sample collection. Meconium samples were frozen immediately after

collection and kept at �70�C until analysis. DNA was extracted from all meconium samples together with appropriate positive

and negative controls using the PureLink Microbiome DNA Purification Kit (Invitrogen). The V4 region of the bacterial 16S rRNA

genewas amplified by polymerase chain reaction (PCR) using the 515F (AATGATACGGCGACCACCGAGATCTACACGCT) barcoded

and 806R (TATGGTAATTGTGTGYCAGCMGCCGCGGTAA) primers. PCR were carried out by 35 cycles of denaturation (95�C), an-
nealing (55�C) and extension (72�C), with final elongation at 72�C. PCR products were purified using AMPure magnetic beads (Beck-

man Coulter) and quantified using Quant-iT PicoGreen dsDNA quantitation kit (Invitrogen). Samples (30 ng), were loaded on 2%

agarose E-Gel (Thermo Fisher), purified and sequenced using the Illumina MiSeq platform (Genomics Center, Azrieli Faculty of Med-

icine, BIU, Israel). A meconium sample from one subject was excluded from the analyses because the isolated DNA was not PCR

amplifiable. The analyses were therefore performed on samples from 5 very preterm, 7 moderately preterm, and 7 term neonates

(n = 19). In addition to positive and negative controls included throughout the pipeline, in a subset of the samples, real-time PCR

(qPCR) of the 16S rRNA region was performed to confirm ample bacterial load for further analysis.

Fecal microbiota transplant (FMT) experiments
Germ free status of mice was verified using 16S rRNA PCR on fecal samples as described above for meconium samples. FMT of

meconium from neonates were introduced to GF Swiss Webster female mice (8-10 weeks old), defining day 0 of the experiment.

Eachmeconium sample collected in the studywas separately suspended in 800 ml sterile phosphate-buffered saline (PBS) and disso-

ciated by vortex for 1 min 200 ml from each suspension was gavaged orally to each GF mouse. A total of 18 meconium specimens

were transferred according to the three groups: VPT (n = 4), PT (n = 6) and FT (n = 8). Mouse stool samples were collected on day 7

and 35. Samples were also collected on days 14, 21, and 28; the results were generally in-line with those presented and are therefore

not presented herein. DNA from stool samples was extracted using the Mobio Powersoil DNA extraction kit (Mobio). The rest of the

analysis steps were similar to those for the meconium samples. Mice were weighed at day 35 of the experiment, and terminal ileum

specimens were collected from themice after sacrifice by CO2 inhalation. A 1-cm section of terminal ileumwas immediately removed

using sterile scissors. The section was immediately placed in a tube containing RNAlater and stored at �80�C. Total RNA was ex-

tracted from tissues using Total RNA Purification Kit (Norgen Biotek Corp). In brief, terminal ileum tissue samples were homogenized

in 2 mL cold RL buffer (Norgen Biotek Corp) using the Bio-Gen PRO200 tissue homogenizer (PRO Scientific). Homogenates were

centrifuged, and the supernatant was taken for purification according to themanufacturer’s protocol (Total RNA Purification Kit, Nor-

gen Biotek Corp). RNA quantity was determined on a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific) and then

reverse transcribed using 5x All-in-One RT MasterMix (Abm). In brief, 200 mg of total RNA were added into a 10 ml reaction volume,

and then the mixture was incubated at 25�C for 10 min, followed by synthesis at 42�C for 15 min, and a termination reaction at 85�C
for 5 min. Next, 190 mL nuclease-free water was added, and the cDNA stored at�80�C until needed for qPCR. Real-time PCR ampli-

fication was performed to determine expression of IL-1b and IL-6 (primers in Table S1) with cDNA in a reaction containing with a final

concentration of 0.1 mM for each primer and 5 mL Fast SYBR Green Master mix (Applied Biosystems) with 80 ng cDNA in 10 mL total

volume. Reactionswere run in a ViiA 7 Real-Time PCRSystem (Applied Biosystems). Cycle condition were: 95�C for 20min, 40 cycles

at 95�C for 1 min, and 60�C for 20 min. The results were analyzed using the ViiA 7 software and exported into Microsoft Excel for

further analysis. Every sample was processed in technical triplicates. In all, 15 samples were analyzed (M.VPT n = 3; M.PT n = 5;

M.FT n = 7); one terminal ileum from each group was not included due to technical problems. Blood samples were taken from the

heart by performing thoracotomy on day 35. Blood was separated by centrifugation and the plasma was stored at �80�C. Plasma

samples were used for measuring metabolic hormones (insulin, leptin) using the MILLIPLEX MAGPIX system (Merck Millipore). We

analyzed 17 samples (M.VPT n = 3,M.PT n = 6,M.FT n = 8); one blood sample was not included in the analyses due to due to technical

problems. Independent sample t tests were used to identify the differences between fold change in mouse weight at day 35 and
e2 Cell Reports Medicine 2, 100447, November 16, 2021
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between study groups. T Ttests were performed in order to examine the differences between blood leptin and insulin levels, and be-

tween expression of the inflammatory cytokines IL-1b and IL-6 in the mouse terminal ileum.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed usingQIIME2.46 Sequence readswere demultiplexed by per-sample barcodes and Illumina-sequenced

amplicon read errors were corrected by Divisive Amplicon Denoising Algorithm (DADA2).47 A phylogenetic tree was generated. Alpha

and beta diversity analysis was performed based on a feature table (species) containing features observed in at least 40% samples of

one or more groups and rarefied at 40,000 sequences. Alpha diversity (within sample diversity) parameters, were calculated using

Faith’s Phylogenetic Diversity.48 Beta diversity (between sample diversity) was analyzed using UniFrac distances.49 Principal Coor-

dinate Analysis (PCoA) was performed based on unweighted UniFrac distance matrices.

Linear discriminant analysis Effect Size (LEfSe) was also performed,50 to identify the features that significantly differed between

samples according to relative abundances. The statistical analyses regarding each test have been described in the figure legends.

No assumptions were tested.
Cell Reports Medicine 2, 100447, November 16, 2021 e3
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