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ABSTRACT
Background In-home iron fortification for infants in
developing countries is recommended for control of
anaemia, but low absorption typically results in >80% of
the iron passing into the colon. Iron is essential for growth
and virulence of many pathogenic enterobacteria. We
determined the effect of high and low dose in-home iron
fortification on the infant gut microbiome and intestinal
inflammation.
Methods We performed two double-blind randomised
controlled trials in 6-month-old Kenyan infants (n=115)
consuming home-fortified maize porridge daily for
4 months. In the first, infants received a micronutrient
powder (MNP) containing 2.5 mg iron as NaFeEDTA or the
MNP without iron. In the second, they received a different
MNP containing 12.5 mg iron as ferrous fumarate or the
MNP without the iron. The primary outcome was gut
microbiome composition analysed by 16S pyrosequencing
and targeted real-time PCR (qPCR). Secondary outcomes
included faecal calprotectin (marker of intestinal
inflammation) and incidence of diarrhoea. We analysed the
trials separately and combined.
Results At baseline, 63% of the total microbial 16S
rRNA could be assigned to Bifidobacteriaceae but there
were high prevalences of pathogens, including Salmonella
Clostridium difficile, Clostridium perfringens, and
pathogenic Escherichia coli. Using pyrosequencing,
+FeMNPs increased enterobacteria, particularly Escherichia/
Shigella (p=0.048), the enterobacteria/bifidobacteria ratio
(p=0.020), and Clostridium (p=0.030). Most of these
effects were confirmed using qPCR; for example, +FeMNPs
increased pathogenic E. coli strains (p=0.029). +FeMNPs
also increased faecal calprotectin (p=0.002). During the
trial, 27.3% of infants in +12.5 mgFeMNP required
treatment for diarrhoea versus 8.3% in −12.5 mgFeMNP
(p=0.092). There were no study-related serious adverse
events in either group.
Conclusions In this setting, provision of iron-containing
MNPs to weaning infants adversely affects the gut
microbiome, increasing pathogen abundance and causing
intestinal inflammation.
Trial registration number NCT01111864.

INTRODUCTION
While infants have the highest rates of iron defi-
ciency anaemia (IDA), they are also the group less
well covered by universal fortification programmes.
Micronutrient powders (MNP), added directly to

Significance of this study

What is already known on this subject?
▸ The composition of the infant gut microbiota

may vary depending on dietary iron supply, but
most data are from culture methods, or have
come from animal experiments.

▸ In-home iron fortification for infants in
developing countries is recommended to
control anaemia, but low absorption typically
results in >80% of the iron passing into the
colon.

▸ Two recent iron fortification trials in infants in
developing countries have raised safety
concerns: in Ghana, there was an increased rate
of hospitalisations possibly due to diarrhoea,
and in Pakistan, a small but significant increase
in overall diarrhoea prevalence.

▸ There is little known about the composition of
the African infant gut microbiota during the
weaning period, or the effects of iron
fortification at this age.

What are the new findings?
▸ This is the first controlled intervention trial to

examine the effect of iron fortification on the
African infant gut microbiome.

▸ Iron fortification modifies the gut microbiome in
weaning African infants, increasing enterobacteria
and decreasing bifidobacteria, and increases
abundances of specific enteropathogens, for
example, pathogenic Escherichia coli.

▸ Iron fortification in weaning African infants
increases faecal calprotectin levels, indicating
intestinal inflammation.

▸ These data provide a probable mechanism for
the increases in diarrhoea seen in recent infant
fortification studies.

How might it impact on clinical practice in
the foreseeable future?
▸ Our findings suggest that, until safer

formulations are available, iron fortification
should not be given to all infants, but should
be targeted only to infants with clear iron
deficiency anaemia, while providing adequate
protection from diarrhoea.
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complementary foods after cooking (in-home fortification), can
be an effective approach for providing additional dietary iron
and reducing anaemia rates.1 Currently, in-home fortification
programmes are in place or planned in 36 countries including
10 in Sub-Saharan Africa.2

However, the safety of iron-containing MNPs (+FeMNPs) is
uncertain. A 2007 WHO consultation, on the results of the
Pemba trial where iron and folic acid supplementation increased
child mortality,3 did not recommend the use of +FeMNPs in
malaria-endemic areas because of concerns about potential
increases in infection.4 Two recent fortification trials in infants
with an MNP containing 12.5 mg ferrous fumarate have raised
safety concerns: in Ghana, there was an increased rate of hospi-
talisations possibly due to diarrhoea,5 and in Pakistan a small
but significant increase in overall diarrhoea prevalence, bloody
diarrhoea, and respiratory illness.6 An earlier systematic review
concluded iron supplementation, but not fortification, may
increase risk for diarrhoea.7 If +FeMNPs increase risk for infec-
tion and diarrhoeal disease, this would be an important adverse
effect, as diarrhoea contributes to the death of ≈1 in 9 under
5-year-old children in Sub-Saharan Africa.8

The food matrix of most cereal-based and legume-based com-
plementary foods is rich in phytic acid, a potent inhibitor of
iron absorption; therefore, usually less than 20% of iron added
to these foods is absorbed.9 10 In rural African populations with
high levels of inflammation and infection, absorption is likely to
be even lower, as inflammation increases circulating hepcidin
the major iron regulator, which reduces dietary iron absorption
through binding and degradation of the iron efflux protein, fer-
roportin, at the basolateral membrane of the enterocytes.11

Thus, providing +FeMNPs to individuals with concurrent
inflammation results in most of the iron passing unabsorbed
into the colon. Once absorbed, iron in the body is bound to
proteins limiting iron access to potential pathogens, and during
infection, iron supply is further reduced in the extracellular
compartment and remains in macrophages and enterocytes.12

There is no comparable system for sequestration of dietary iron
known in the gut lumen, although neutral pH and the presence
of defence molecules, such as lipocalin 2,13 may reduce iron
solubility and availability to gut microbes.

Iron is an essential, growth-limiting nutrient for many gut
bacteria, competing for unabsorbed dietary iron.14 For most
enteric gram-negative bacteria (eg, Salmonella, Shigella or
pathogenic Escherichia coli), iron acquisition plays an essential
role in virulence and colonisation.15 By contrast, lactobacilli, a
major group of beneficial ‘barrier’ bacteria improving gut integ-
rity and reducing colonisation by enteric pathogens,16 do not
require iron, but instead rely on manganese.17 Therefore, an
increase in unabsorbed dietary iron through fortification or sup-
plementation could modify the colonic microbiota equilibrium
and favour growth of pathogenic strains over ‘barrier’ strains.

Colonisation of the human gastrointestinal tract begins at
birth and depends on the mode of delivery, hygiene and prema-
turity.18 The iron-binding protein, lactoferrin, in breast milk
limits iron availability to the gut microbiota,19 and may have a
protective effect in breastfed infants. The relatively simple gut
microbiota of breastfed infants further diversifies with the intro-
duction of complementary feeding.20 In a study comparing the
gut microbiome among infants from the USA, Venezuela and
Malawi, there were significant differences between sites, but a
common pattern was the dominance of bifidobacteria through-
out the first year of life, thereafter, bifidobacteria diminish stead-
ily leading to the establishment of an adult-like gut microbiome
at about 3 years of age.21

In a controlled trial of iron fortification in schoolchildren in
Côte d’Ivoire, iron increased enterobacteria and intestinal
inflammation, and decreased lactobacilli.22 In older studies in
European infants using culture methods, iron induced an
increase in E. coli and a decrease in bifidobacteria,23 along with
higher counts of Bacteroides.24 A recent small study in US
infants (n=14) receiving complementary feeding regimens pro-
viding iron from fortified cereals or meat, reported an increase
in Bacteroidales and decreases in bifidobacteria, Lactobacillales
and Rothia.25 In infants in Pakistan, +FeMNPs caused an
increase in Aeromonas species compared to the non-
supplemented control group.6

Our study aim was to determine the effects of two widely
used high and low dose +FeMNPs on the gut microbiome,
using barcoded 16S rRNA pyrosequencing and targeted
real-time PCR (quantitative PCR, qPCR), and intestinal inflam-
mation in Kenyan infants prone to diarrhoeal disease. Our
hypotheses were that iron fortification would: (1) increase faecal
enterobacteria and its ratio to bifidobacteria and/or lactobacilli;
(2) favour colonisation by potential pathogens and (3) increase
intestinal inflammation.

MATERIALS AND METHODS
Study site and participants
The study was conducted in Msambweni County, in southern
coastal Kenya. This is a malaria-endemic area, where 40% of
the paediatric hospital admissions in 2006 were due to plasmo-
dial infections.26 The region experiences a long rainy season
from April to July, and short rains from October to November.
Farming is the main economic activity and maize the staple food
crop in this sparsely populated area. The typical local weaning
food is the liquid maize porridge, ‘uji’; a regular portion consists
of about 8–10 g maize flour boiled in 100–150 mL water and
sweetened with sugar.

In the catchment area of the Kikoneni health centre, we con-
tinuously recruited infants aged 5.5 months. We recruited 80
infants from March 2010 until September 2011, and randomly
assigned them to receive either an MNP with or without 2.5 mg
iron as sodium iron EDTA (NaFeEDTA, ±2.5 mgFeMNP,
MixMe, DSM Nutritional Products Europe, Basel, Switzerland).
We recruited 80 more infants from September 2011 to May
2012 and randomly assigned them to receive either an MNP
with or without 12.5 mg iron as ferrous fumarate (±12.5
mgFeMNP, Sprinkles, Hexagon Nutrition, Mumbai). The com-
position of the MNPs is shown in table 1. Inclusion criteria
were an infant age of 5.5 months (±3 weeks), mother at least
≥15 years of age, infant haemoglobin (Hb) ≥70 g/L, and no
maternal or infant chronic diseases. The MNPs were packed in
group-coded sachets (containing one daily dose).

Study design
Prior to intervention, we conducted triangle sensory tests27 in
local adults (n=25 per MNP). In these tests, the +FeMNPs
were indistinguishable from the corresponding −FeMNPs, and
their acceptability was high (data not shown).

Trained field workers instructed the mothers in cooking the
‘uji’ and its fortification with the MNPs. Further, the participat-
ing mothers were trained on the home collection of infant stool
samples. Before starting the intervention with MNPs, we con-
ducted a 2-week run-in period to familiarise the families with
the stool collection method and the introduction of the maize
porridge.

Then, weekly for 4 months, we dispensed 7 MNP sachets and
2 kg of maize flour (Dola, Kitui Flour Mills, Mombasa, Kenya)
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directly to the participating mothers from six distribution
points. We analysed triplicate samples of the maize flour for
iron concentration by using atomic absorption spectroscopy, and
for phytic acid28 29 at the ETH Zurich. During the weekly dis-
tribution, field workers collected the previous week’s used and
unused MNP sachets to assess compliance and recorded the
infants’ feeding history and the health status by using a multiple-
choice questionnaire. If a mother reported any illness, the dedi-
cated study nurse examined the child and recorded treated epi-
sodes of malaria, diarrhoea and respiratory tract infections
(RTI). The study nurse used a forced-choice questionnaire to
record treated cases of malaria, diarrhoea and RTI at baseline
(covering the last 3 months) and after 4 months (covering the
entire intervention period).

Gut microbiome, short-chain fatty acids (SCFA) and faecal
calprotectin
Stool samples were collected at baseline, 3 weeks and 4 months.
The mothers were provided with plastic diapers, containers, spa-
tulas, Anaerocult sachets (Merck KGaA, Darmstadt, Germany)
to generate an anaerobic environment, a falcon tube for the
measurement of 8 mL water to wet the Anaerocult, and an illu-
strated pamphlet to reinforce the sampling instructions. The
stool samples were collected in the morning, kept anaerobic,
and aliquots were frozen at −20°C the same day.

Full descriptions of the materials and methods used for the
following are available in the online supplementary materials
and methods: DNA extraction, gut microbiome analysis using
16S rRNA pyrosequencing, targeted qPCR, and short-chain
fatty acid (SCFA) measurements.

Biochemical indicators
At baseline, after 4 months (±12.5 mgFeMNP) and 6 months
(±2.5 mgFeMNP), venous blood samples were drawn using
heparin vacutainers and butterfly needles. Serum was separated
and frozen on collection day.

The following parameters were determined, of which the full
description is available in the online supplementary materials
and methods: haemoglobin (Hb), zinc protoporphyrin to haem
ratio (ZPP), serum ferritin (SF), soluble transferrin receptor

(sTfR) and C-reactive protein (CRP), serum hepcidin-25, body
iron stores, serum IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IFNγ, TNFα, GM-colony-stimulating factor (CSF), IL-12 (p40/
p70) and IL-17. The following cut-offs were used: (1) anaemia:
Hb <110 g/L,30 (2) ID: body iron stores <0 mg/kg31 and (3)
inflammation: CRP ≥4.1 mg/L (manufacturer’s reference range).

Anthropometric indicators
At baseline and after 4 months, infant weight was recorded
using a hanging scale (Salter 235-6S, 25 kg×100 g; Salter
Brecknell, UK) and length using a measurement board (Shorr
Production, Olney, Maryland, USA). We calculated weight-for-
age (WAZ), height-for-age (HAZ), weight-for-height (WHZ)
and BMI-for-age (Body Mass Index; BAZ) Z-scores using the
WHO Anthro software.32

Statistical analysis
Based on previous studies on gut microbiota conducted by our
group in schoolchildren22 and young adults,33 we estimated a
sample size of 25–30 subjects in each group to detect a relevant
difference of about 0.85 log number of copies/g faeces in enter-
obacteria, lactobacilli and bifidobacteria, considering a SD of
1.09–1.37 for the three microbial groups, with α=0.05 and
β=0.8.

Longitudinal effects of iron on the gut microbiome (assessed
by pyrosequencing) were assessed by comparing change over
time, which was calculated by dividing the relative abundance of
a taxon at 4 months or 3 weeks by the relative abundance of a
taxon at baseline and a subsequent Mann–Whitney U test
(MWU) was done. Cross-sectional differences were compared
by MWU. Estimated intervention effects of iron on gut micro-
biota (assessed by qPCR), iron status and anthropometrics were
evaluated using univariate general linear models (GLM) with
baseline values as covariates. Full descriptions of statistical
methods and software used can be found in the online supple-
mentary materials and methods.

Ethical aspects
This study was approved by the ethics and research committees
of the Kenyatta National Hospital/ University of Nairobi (P167/

Table 1 Composition of the two micronutrient powders, with and without iron*

+2.5 mgFeMNP −2.5 mgFeMNP +12.5 mgFeMNP −12.5 mgFeMNP

Iron, mg 2.5 – 12.5 –

Zinc, mg 2.5 2.5 5 5
Vitamin A, mg 100 100 300 300
Vitamin C, mg 60 60 30 30
Vitamin D, mg 5 5 – –

Copper, mg 0.34 0.34 – –

Tocopherol equivalent, mg 5 5 – –

Iodine, mg 30 30 – –

Vitamin K1, mg 30 30 – –

Selenium, mg 17 17 – –

Thiamine, mg 0.5 0.5 – –

Riboflavin, mg 0.5 0.5 – –

Pyridoxine, mg 0.5 0.5 – –

Folic acid anhydrous, mg 90 90 – –

Niacinamide, mg 6 6 – –

Vitamin B12, mg 0.9 0.9 – –

*Amounts per 1 g powder.
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6/2009 and P168/05/2011), and the ETH Zurich (EK
2009-N-53). Caregivers of the infants gave written informed
consent. A data safety monitoring board, including a paediatri-
cian and a nutritionist, performed safety monitoring for the
study.

RESULTS
Our estimated sample size was 100–120 infants, and we enrolled
115 infants into the study (figure 1, trial profile). We originally
recruited 160 infants, but during the 2-week run-in period, 21
infants were excluded because they had received antibiotics in
the previous 2 months, and 24 infants did not provide an
adequate baseline stool sample. During the study, a further 11
infants were excluded because they received antibiotics, or were
unable to provide adequate stool samples. Use of antibiotics was
unexpectedly high in this setting; this was the local standard of
care. Due to a labelling error at the factory in a second batch of
the ±2.5 mgFeMNP sachets, three infants received mixed treat-
ments and were excluded. Therefore, the final analysis was com-
pleted on 101 infants: 28 from +2.5 mgFeMNP, 21 from
−2.5 mgFeMNP, 26 from +12.5 mgFeMNP, and 26 from
−12.5 mgFeMNP.

Baseline prevalence of anaemia, iron deficiency (negative
body iron stores) and systemic inflammation were 67.3%,
25.5% and 29.7%, respectively. Nearly all infants were still
being breastfed (99.0%), but 80.2% had already been intro-
duced to complementary foods, predominantly ‘uji’ starting, on
average, at 4 months of age. Compliance with the sachets was
99.4% for ±2.5 mgFeMNP and 96.2% for ±12.5 mgFeMNP.
The native iron and phytic acid concentrations in the maize
flour were 1.15±0.06 mg and 310±20 mg per 100 g,
respectively.

Baseline infant gut microbiome and its
development over time
Totally, 934 853 bacterial 16S rRNA sequences were analysed
by pyrosequencing. At baseline, the infant gut microbiome con-
sisted of the phyla Actinobacteria (64.3% of reads), Firmicutes
(22.4%; including 4.7% Lactobacillus), Bacteroidetes (8.9%;
including 3.6% Bacteroides and 4.3% Prevotella), and

Proteobacteria (4.1%; including 3.3% Escherichia/Shigella); and
was highly dominated by the family of Bifidobacteriaceae, con-
tributing 63.0% of the total 16S rRNA (figure 2). There was no
significant effect of baseline anaemia status on phylogenetic
diversity among the infants (data not shown). However, an
exploratory analysis revealed significant differences in taxa
between anaemic and non-anaemic infants at baseline: non-
anaemic infants harboured lower abundances of Prevotella
(2.0% vs 4.5%, p=0.014), whereas, they showed higher abun-
dances of Actinomycetales (0.14% vs 0.09%, p=0.004) and
Streptococcus (6.3% vs 3.9%, p=0.023) (figure 3).

The phylogenetic diversity in all stool samples increased after
3 weeks (p=0.004) and further increased to 4 months (p=0.005,
see online supplementary figure S1). Redundancy analysis
throughout the study found: (1) a strong interindividual variation
of the gut microbial composition (p=0.001); (2) a significant dif-
ference in the gut microbiome of anaemic and non-anaemic
infants (p=0.031) and (3) a significant difference in the gut micro-
biome of infants in the two MNP trials (±2.5 mgFeMNP and
±12.5 mgFeMNP, p=0.015). Furthermore, strong time-specific
signatures were found (p=0.001). Gender, season in which the
intervention started, and the starting date of complementary
feeding did not significantly affect the gut microbiome.

Significant changes over time in the infants gut microbiome
composition of the −FeMNP group from baseline (6 months
old) to endpoint (10 months old) are illustrated in online sup-
plementary figure S2. These changes involved an increase in
Faecalibacterium and Prevotella, and a decrease in
Enterobacteriaceae (p=0.010, p=0.006, p=0.002, respectively).

Composition of the infant gut microbiome during iron
fortification
The phylogenetic diversity of the gut microbiome was not signifi-
cantly modified by +FeMNP versus −FeMNP (see online supple-
mentary figure S1). Differences in the gut microbiome at
endpoint for the combined ±FeMNP groups and the separate
analysis of the ±2.5 mgFeMNP and ±12.5 mgFeMNP are shown
in figure 4A–C. The changes over time in the relative abundance
of a taxon between the ±FeMNP groups and the
±2.5 mgFeMNP and ±12.5 mgFeMNP are shown in figure 5i–vi.

Figure 1 Trial profile.
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Comparing +FeMNP versus −FeMNP, there were significantly
higher abundances of the genera Clostridium, and Escherichia/
Shigella (p=0.033, p=0.010, respectively), and a trend towards
lower abundances of the genus Bifidobacterium (p=0.085) in the
+FeMNP group at endpoint (figure 4A). Additionally, the
change over time in relative abundances (4 months vs baseline)
was significantly different in +FeMNP versus −FeMNP for
Firmicutes, Escherichia/Shigella, and Clostridium (p=0.034,
p=0.030, p=0.048, respectively; figure 5i–iii). Comparing
+2.5 mgFeMNP with −2.5 mgFeMNP, there were significantly
higher abundances of the genera Escherichia/Shigella (p=0.044)
and a trend towards higher in Roseburia (p=0.083) in
+2.5 mgFeMNP versus −2.5 mgFeMNP at endpoint (figure 4B).
Additionally, the change over time in relative abundances

(4 months vs baseline) was significantly different in
+2.5 mgFeMNP compared with −2.5 mgFeMNP for
Escherichia/Shigella (p=0.034; figure 5iv). Comparing
+12.5 mgFeMNP with −12.5 mgFeMNP, there were significantly
higher abundances of Firmicutes (p=0.018), Bacteroides
(p=0.045), a trend towards higher abundances of Clostridium
species (p=0.052) and Escherichia/Shigella (p=0.067), and sig-
nificantly lower abundance of Bifidobacterium (p=0.047) in
+12.5 mgFeMNP versus −12.5 mgFeMNP at endpoint
(figure 4C). Additionally, the change over time in relative abun-
dances (4 months vs baseline) was significantly higher in
+12.5 mgFeMNP compared with –12.5 mgFeMNP for
Firmicutes (p=0.046; figure 5v) and showed a significantly
larger decrease for Bifidobacterium (p=0.049, figure 5vi).

Figure 2 Baseline gut microbiome of the 6 month-old Kenyan infants enumerated by 16S rRNA pyrosequencing (n=101). The fraction of 16S rRNA
reads (in %) attributed to specific taxonomic level is given below the taxon name.

Figure 3 Differences in baseline gut microbiome composition in anaemic versus non-anaemic 6 month-old Kenyan infants. Nodes represent taxa;
edges link the different taxonomic levels. The fold increase is calculated as the 2log of the ratio of the relative abundance in anaemic and
non-anaemic (0=no difference between anaemia status, 1=twice as abundant in non-anaemic). The significance is expressed as the p value of a
Mann–Whitney U test of the anaemic and non-anaemic infant samples. The node-size corresponds to the relative abundance. Taxa (ie, nodes) were
included in this visualisation if they met the following criteria: all samples together have an average relative abundance of >0.1% for the taxon, and
the study groups have a fold-difference of at least 0.1 with a significance of p<0.05 or the taxon has a child (ie, more specific taxonomic
classification) meeting the criteria.
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Comparing +FeMNP versus −FeMNP by qPCR analysis,
revealed a borderline significant effect of iron on enterobacteria
(p=0.061), with higher concentrations in +FeMNP (8.9±0.3
log number of gene copies/g faeces) versus −FeMNP (8.0±0.4)
at endpoint. Furthermore, there was a significant treatment
effect on Roseburia species/Eubacterium rectale (p=0.020), with
lower concentrations in +FeMNP (4.4±0.4) versus −FeMNP
(5.8±0.4). In the separate analyses of the two MNPs, a signifi-
cant treatment effect was found on Roseburia species/E rectale
in ±12.5 mgFeMNP (p<0.0001), with lower concentrations in
+12.5 mgFeMNP (3.2±0.4) versus −12.5 mgFeMNP (6.2±0.5)
at endpoint; while a significant treatment effect was seen
for Eubacterium hallii in ±2.5 mgFeMNP (p=0.009), with
higher concentrations in +2.5 mgFeMNP (8.4±0.6) versus
−2.5 mgFeMNP (7.1±0.5) at endpoint.

Examining the effect of iron on pathogenic gut microbiota in
all analysed stool samples, we detected Bacillus cereus in 39.5%
(mean in detected samples: 4.6 log copies/g faeces (range:
3.3–7.2)), Staphylococcus aureus in 65.4% (6.6 (3.0–10.0)),
Clostridium difficile in 56.5% (7.2 (3.4–10.4)), members of the
Clostridium perfringens group in 89.7% (7.7 (3.1–10.4)),
Salmonella in 22.4% (5.7 (4.4–7.9)) and Vibrio cholera in 0%.

Further, we detected enteropathogenic E. coli (EPEC) in 65.0%
(mean in detected samples: 6.0 log copies/g faeces (range: 3.2–
9.3)), enterotoxigenic E. coli producing heat-labile toxin (ETEC
LT) in 49.2% (6.0 (3.0–10.5)), ETEC producing heat-stable
toxin (ETEC ST) in 7.0% (5.7 (3.5–8.7)), enterohaemorrhagic
E. coli producing shiga-like toxin 1 (EHEC stx1) in 9.6% (4.7
(3.4–7.4)), and EHEC stx2 in 8.5% (4.6 (3.6–6.3)). There was a
significant treatment effect on the sum of the pathogenic E. coli
at endpoint (p=0.029), with higher concentration in the
+FeMNP (6.0±0.5 log numbers of copies/g faeces) versus
−FeMNP (4.5±0.5). In the separate analyses of the two MNPs,
there was a significant treatment effect on the sum of the patho-
genic E. coli in ±2.5 mgFeMNP at midpoint (p=0.012), and at
endpoint (p=0.043), with transient lower concentrations in the
+2.5 mgFeMNP (4.9±0.7) versus −2.5 mgFeMNP (7.0±0.5) at
midpoint and higher concentrations in +2.5 mgFeMNP (6.5
±0.6) versus −2.5 mgFeMNP (4.1±0.8) at endpoint. No effect
of iron on pathogenic E. coli could be detected in the
±12.5 mgFeMNP. The increase in the sum of pathogenic E. coli
through iron fortification was significant in infants with baseline
iron deficiency (p=0.012), but not in infants who were iron suf-
ficient (p=0.327).

Figure 4 Differences in gut microbial composition after 4 months in Kenyan infants receiving iron-containing micronutrient powders (+FeMNP)
versus no-iron micronutrient powders (−FeMNP). (A) +FeMNP vs −FeMNP; (B) +2.5 mgFeMNP vs −2.5 mgFeMNP; (C) +12.5 mgFeMNP vs
−12.5 mgFeMNP. Nodes represent taxa; edges link the different taxonomic levels. The fold increase is calculated as the 2log of the ratio of the
relative abundance in +FeMNP and −FeMNP (0=no difference between group, 1=twice as abundant in +FeMNP, etc.). The significance is expressed
as the p value of a Mann–Whitney U test. The node-size corresponds to the relative abundance (in %). Taxa displayed were selected based on the
list of targets of our primary interest.
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Figure 6A–D shows the ratio of abundances of enterobacteria
to bifidobacteria and lactobacilli analysed by pyrosequencing
and qPCR. Using pyrosequencing, the ratio of the relative abun-
dances of enterobacteria to bifidobacteria changed significantly
over time from baseline to endpoint in the +FeMNP versus
−FeMNP (p=0.020; figure 6A). At endpoint, the enterobacteria
to bifidobacteria ratio was significantly higher in the +FeMNP
versus −FeMNP (p=0.004); similarly, in the separate analysis of
the MNPs, the enterobacteria to bifidobacteria ratio was signifi-
cantly higher in +2.5 mgFeMNP (p=0.030) and in
+12.5 mgFeMNP (p=0.049), compared to the respective
control groups at endpoint. The qPCR analysis confirmed this,
showing a significant effect on the ratio of enterobacteria to bifi-
dobacteria in +FeMNP compared with −FeMNP group at end-
point (p=0.008, figure 6B); with a trend towards a significant
effect in the separate analysis of ±2.5 mgFeMNP (p=0.053)
and ±12.5 mgFeMNP (p=0.098). Using pyrosequencing, the
ratio of the relative abundance of enterobacteria to lactobacilli
in +FeMNP did not change over time from baseline to end-
point, after a temporary decrease at 3 weeks (p=0.018) in
+FeMNP versus −FeMNP; however, at endpoint, the ratio of
enterobacteria to lactobacilli was significantly higher in
+FeMNP (p=0.023; figure 6C). Using qPCR, a similar trend
towards a higher ratio of enterobacteria to lactobacilli was
detected at endpoint in +FeMNP compared with −FeMNP
(p=0.062, figure 6D). Furthermore, pyrosequencing analysis of
±2.5 mgFeMNP and ±12.5 mgFeMNP separately showed a
borderline significantly higher ratio of enterobacteria to lactoba-
cilli in +12.5 mgFeMNP versus −12.5 mgFeMNP (p=0.055) at
endpoint, with a temporary decrease after 3 weeks (p=0.021);
but did not differ at any time point in +2.5 mgFeMNP versus
−2.5 mgFeMNP.

Faecal calprotectin, SCFAs, iron status and systemic
inflammation
At endpoint, intestinal inflammation, assessed by faecal calpro-
tectin, was significantly higher in infants receiving +FeMNP

(229.2±1.9 mg/g) versus −FeMNP (123.3±2.1 mg/g, p=0.002).
In the separate analyses of the MNPs, faecal calprotectin values
were significantly elevated in +12.5 mgFeMNP (248.9±2.2 mg/
g) versus −12.5 mgFeMNP (102.5±2.2 mg/g, p=0.008), but
were not significantly higher in +2.5 mgFeMNP (215.6
±1.6 mg/g) versus −2.5 mgFeMNP (165.6±1.8 mg/g, p=0.164,
figure 7). The increase in faecal calprotectin through iron fortifi-
cation was significant in infants who were iron sufficient at base-
line (p=0.0002), but not in infants with iron deficiency
(p=0.912). There were no significant correlations of faecal cal-
protectin with the overall gut microbiome composition assessed
by pyrosequencing. The qPCR data revealed intrasample corre-
lations of faecal calprotectin with none of the commensal bac-
teria, but with the sum of pathogenic E. coli (p=0.011,
t=0.177), and enterobacteria (p=0.008, t=0.201), and
members of the C. perfringens group (p=0.007, t=−0.206) at
3 weeks, and EPEC (p=0.024, t=0.190) at 4 months. There
were no significant differences in faecal acetate, propionate, or
butyrate concentrations between +FeMNPs and −FeMNPs
during the intervention (see online supplementary table S2).

There was a significant treatment effect of +12.5 mgFeMNP
versus −12.5 mgFeMNP on body iron (p=0.001), SF
(p=0.004), sTfR (p=0.008), ZPP (p=0.039) and a trend
towards an effect on hepcidin-25 (p=0.052, see online supple-
mentary table S3). By contrast, there was no significant treat-
ment effect of +2.5 mgFeMNP versus −2.5 mgFeMNP on any
iron status indicator or hepcidin-25. There was no treatment
effect of either +FeMNP on serum CRP (see online supplemen-
tary table S3) or serum IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IL-17, IFNγ, TNFα or GM-CSF (data not shown). There was a
significant treatment effect of +2.5 mgFeMNP versus
−2.5 mgFeMNP on IL-12, which was higher in +2.5 mgFeMNP
(523.6±1.5 mg/g vs 431.9±1.4 mg/g, p=0.028).

Growth
There was no significant treatment effect of iron on weight gain.
However, we identified a significant increase of linear growth

Figure 5 Change from baseline to 4 months in taxa that differed significantly between +FeMNP and −FeMNP infants at 4 months. The box plots
(i–vi) report on significant changes over time from baseline to endpoint (i: p=0.0.034, ii: p=0.030, iii: p=0.048, iv: p=0.034, v: p=0.046,
vi: p=0.049) of taxa being different in groups at endpoint (corresponding roman numerals and colours in figure 4). Boxplots of 2log ratios (0=no
difference for the two time points, 1=twice as abundant at 4 months, etc.) are displayed with the 10–90th percentiles.
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in +FeMNPs (70.2±1.1 cm vs 68.5±1.1 cm at endpoint,
p=0.017, see online supplementary table S3). This effect was
significant in the infants of ±12.5 mgFeMNP (70.2±1.1 cm vs
68.1±1.1 cm at endpoint, p=0.011), but not in
±2.5 mgFeMNP. Linear growth was not correlated to gut micro-
biota or faecal calprotectin.

Morbidity
On enrolment, 19.2% of mothers reported a treated episode of
diarrhoea in their infant during the previous 3 months, 29.7% a
treated RTI, and 3.8% a treated malaria episode. During the
intervention, incidences of treated RTI and malaria did not sig-
nificantly differ between +FeMNP versus −FeMNP. However,
there was a trend towards a greater incidence of treated episodes
of diarrhoea in +12.5 mgFeMNP versus −12.5 mgFeMNP:
27.3% (n=6/22) versus 8.3% (n=2/24, p=0.092).

DISCUSSION
This study shows that in breastfed, 6-month-old infants from
rural Africa, the gut microbiome is dominated by
Bifidobacteriaceae, but harbours many gram-negative and gram-
positive pathogens. Our findings indicate that the iron in MNPs

favours growth of several of these potentially pathogenic sub-
groups. At the same time, iron decreases abundances of bifido-
bacteria, shifting gut microbial balance away from beneficial
‘barrier’ strains towards a potentially more pathogenic profile.
This is accompanied by an increase in intestinal inflammation.
Our findings in Kenyan infants are comparable with those of a
recent controlled trial in school-aged children in Côte d’Ivoire
receiving iron-fortified biscuits containing 20 mg iron/day as
electrolytic iron for 6 months.22 The expected absorption of
electrolytic iron in that setting was <5%, and there was no
decrease in anaemia or iron deficiency in the iron-fortified
group. Although the study was a secondary analysis, only qPCR
methods were used, and the authors did not report increases in
specific pathogens; it did demonstrate that iron fortification can
extensively modify the gut microbiota, increasing enterobacteria
and decreasing lactobacilli, along with increased intestinal
inflammation measured by faecal calprotectin. The differences
between these two studies are likely due to age-related differ-
ences in the gut microbiota between infants and older children,
but may also reflect differences in methods used to characterise
the gut microbiome, differences in geographic setting and, pos-
sibly, differences in the iron compound and/or dose given.

Figure 6 Ratio of infant enterobacteria to bifidobacteria at baseline, 3 weeks and 4 months, comparing +FeMNP and −FeMNP assessed by:
(A) pyrosequencing (log2 ratio of the relative abundance); and (B) qPCR (ratio of log numbers of copies/g faeces). Ratio of infant enterobacteria to
lactobacilli assessed by: (C) pyrosequencing; and (D) qPCR. Boxplots are displayed with the 10–90th percentiles. Values differed significantly
between groups (+FeMNP and −FeMNP): (A) the change over time from baseline to endpoint in ratios was significantly different between groups
(p=0.020); at endpoint, the ratios were significantly higher in +FeMNP versus −FeMNP (p=0.004). (B) the ratios were significantly different
between groups at 4 months using general linear models (GLM) and adjusted for baseline differences (p=0.008). (C) the change over time from
baseline to 3 weeks in ratios was significantly different (p=0.018), but the change over time from baseline to endpoint was not different between
+FeMNP versus −FeMNP; at endpoint the ratios were significantly higher in +FeMNP versus −FeMNP at endpoint (p=0.023). (D) the ratios were
borderline significantly different between groups at 4 months using GLM and adjusted for baseline differences (p=0.062).
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A recent high-dose iron supplementation trial in low to
middle-income South African schoolchildren residing in an area
with an improved water supply and a lower risk of contami-
nated food,34 supports the suggestion that environmental vari-
ables modulate the effects of iron on intestinal inflammation
and gut microbiota. Despite the high iron dose, there were no
measurable effects on intestinal inflammation measured by
faecal calprotectin, nor on gut microbiota evaluated by qPCR.
Overall, these data suggest that the effects of supplemental or
fortification iron on the gut microbiota and intestinal inflamma-
tion in children are more pronounced in settings where hygiene
standards are low and the microbiome is likely to be populated
by opportunistic enteropathogens.

Iron fortification in the present study, and in the Ivorian study,22

favoured growth of enterobacteria over bifidobacteria and/or lacto-
bacilli, and this could be due to their different iron requirements
and metabolism. Many pathogenic enterobacteria require iron
acquisition for bacterial virulence35 36 and/or gastrointestinal tract
colonisation.37 Only few bacteria do not require iron, of which
lactobacilli is the major group.17 Lactobacilli do not produce side-
rophores, and their growth is similar in media with and without
iron.38 Bifidobacterium breve, an important bifidobacteria species
in breastfed infants, can sequester luminal iron using a divalent
metal permease,39 40 but the majority of bifidobacteria do not
produce siderophores or other active iron carriers. Abundant bifi-
dobacteria, lactobacilli and other beneficial bacteria in the colon
provide an important ‘barrier effect’ against colonisation and inva-
sion by pathogens.17 41 42 Our findings suggest that +FeMNPs
weaken this protective effect. If +FeMNPs promote expansion of
enterobacteria, this may be important because abundances of
closely related species can predict susceptibility to intestinal colon-
isation by pathogenic bacteria.43 In our study, this effect may have
encouraged colonisation by potentially pathogenic members of the
genus Escherichia/Shigella evidenced by the higher abundances of
this genus in the +FeMNP groups at endpoint and, in particular
of the five pathogenic E. coli subgroups (EPEC, ETEC LT, ETEC
ST, EHEC stx1, and stx2).

Calprotectin is a calcium-binding and zinc-binding protein
found in the cytosol of neutrophils, monocytes and activated
macrophages.44 Faecal calprotectin levels mainly reflect migra-
tion of neutrophils into the gut mucosa, and is a non-specific
marker of intestinal inflammation elevated in children with
gastroenteritis.45 Faecal calprotectin is markedly higher during
infancy than in later childhood.46 In healthy Ugandan children,
median faecal calprotectin were 278 mg/g at 3–6 months,
183 mg/g at 6–12 months of age, and fell to 28 mg/g at school
age.47 We used a different assay than the Ugandan study, but
found comparable levels of faecal calprotectin at baseline. In
−FeMNP groups, faecal calprotectin decreased as expected over
the 4-month intervention, while in +FeMNP groups, and par-
ticularly in +12.5 mgFeMNP, levels remained significantly ele-
vated. In the Ivorian fortification study, where school-age
children received ≈9 mg of iron per day, faecal calprotectin
increased sharply and was correlated with the increase in gut
enterobacteria.22 Although we found no significant difference in
systemic concentrations of most cytokines, circulating IL-12
concentrations were significantly higher in +2.5 mgFeMNP
versus −2.5 mgFeMNP at endpoint. Gut microbial antigens can
stimulate secretion of IL-12 by gut macrophages and induce
development of Th1 cells.48 Thus, in our study, IL-12 secretion
may have been triggered by invasive pathogens or dysbiosis
resulting from increased luminal iron; notably, in
+2.5 mgFeMNP versus −2.5 mgFeMNP, the Escherichia/Shigella
taxon was significantly higher at endpoint, an effect not seen in
+12.5 mgFeMNP. Furthermore, dietary iron has shown to
increase intestinal inflammation in this study and others22 49

through different potential pathways, such as neutrophil infiltra-
tion, lipid peroxidation, NF-κB activation and proinflammatory
cytokines.49 Electron acceptors generated as by-products of host
inflammatory response have been proposed to favour facultative
anaerobes, in particular, enterobacteria.50

The +FeMNPs we used in this study contained iron as two dif-
ferent forms, ferrous and ferric, and the ferric iron was bound to
a chelator (EDTA). Our data do not clarify whether the form of
dietary iron is a potential determinant of the changes induced in
the gut microbiota, as the relative concentration of ferrous versus
ferric iron in the human colon resulting from dietary iron inges-
tion is unknown. However, even if different forms of iron are
ingested, it is likely that most of the unabsorbed dietary iron that
enters the colon is in the oxidised, ferric (Fe+3) form, mainly as
ferric oxides or hydroxides.51 In the colon, low-oxygen tension
would favour the reduction of ferric to ferrous (Fe+2) iron.
Systems for acquisition of ferrous and ferric iron have been iden-
tified in many gastrointestinal pathogens. Although ferric ion has
a solubility of only 10−17 M at pH 7, and bacteria generally
require iron at around 10−7–10−5 M to achieve optimal
growth,14 bacteria can reduce ferric iron to the more soluble
ferrous form and/or use extracellular ferric iron chelators, such
as siderophores, as solubilising agents prior to uptake.52 Many
enteric pathogens, including Salmonella species and Escherichia/
Shigella species,15 take up iron-siderophore complexes via spe-
cific outer membrane receptors. Most enteric gram-negative bac-
teria also have active transport systems for ferrous iron,14 and
iron transporter FeoB-mediated ferrous iron acquisition may
increase virulence.36

In our study, the ferrous fumarate-containing
+12.5 mgFeMNP tended to cause greater modifications of the
gut microbiome and more intestinal inflammation; this was
likely due to the fact that its iron dose was fivefold that of the
chelated ferric iron in the +2.5 mgFeMNP. However, it is not
clear from our findings if the higher iron dose was more

Figure 7 Infant faecal calprotectin concentrations at baseline and
4 months in the pooled data from the –FeMNP versus +FeMNP groups,
in the −2.5 mgFeMNP versus +2.5 mgFeMNP, and in the
−12.5 mgFeMNP versus +12.5 mgFeMNP. Values differed significantly
over the trial between the ±12.5 mgFeMNP groups (p=0.008) and the
pooled MNP groups (±FeMNP, p=0.002), using general linear models
and baseline variables as covariates. Boxplots are displayed with the
10–90th percentiles.
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detrimental: although +12.5 mgFeMNP resulted in lower abun-
dances of Bifidobacterium, and higher levels of faecal calprotec-
tin, as well as a trend towards higher rates of treated diarrhoea,
the effect on Escherichia/Shigella, the ratio of enterobacteria to
bifidobacteria, and on the increase of pathogenic E. coli was
stronger with +2.5 mgFeMNP. Therefore, our data do not
clarify whether the lower iron dose MNP would have a better
safety profile.

In accordance with previous studies on human gut
microbiota,53–56 the four dominant phyla in our infants at base-
line were Actinobacteria (63%, mainly Bifidobacteriaceae),
Firmicutes (22%), Bacteroidetes (9%), and Proteobacteria (4%).
We found more distinct treatment effects after 4 months than
after 3 weeks, likely due to the rapid fluctuations in the gut
microbiome at 3 weeks caused by the introduction of the
complementary feeding.20 This finding underscores the import-
ance of allowing the gut microbiome time to adapt to changes
in diet when evaluating an intervention and comparing different
trials. Our data from the gut microbiome of African infants are
comparable with those reported in Dutch infants using qPCR
methods that found similar abundances of bifidobacteria,
E. coli, and lactobacilli.18 However, by contrast, many of our
infants carried enteropathogens, with over half the
faecal samples containing C. difficile, S. aureus, members of the
C. perfringens group, enteropathogenic and/or enterotoxigenic
E. coli, and nearly one in four harbouring B. cereus and/or
Salmonella. Our data also suggest the baseline gut microbiome
of anaemic versus non-anaemic infants may differ, as may
their response to +FeMNPs. Anaemic infants showed higher
Prevotella (Bacteroidetes) and lower Actinomycetales
(Actinobacteria) and Streptococcus (Firmicutes) abundances than
non-anaemic infants. A previous study comparing the gut micro-
biome of older children from Burkina Faso and Italy found
higher concentrations of Bacteroidetes (especially Prevotella and
Xylanibacter) and lower concentrations of Firmicutes and
Escherichia/Shigella in the Burkinabe than Italian children.53

Thus, our findings suggest higher rates of anaemia in African
children may contribute to differences observed in gut micro-
biota in African versus European children.

In rats, the availability of colonic iron may modulate gut micro-
biota metabolites and, in particular, production of caecal
SCFAs.57 This could have important gut modulatory effects, as
SCFAs have been reported to inhibit growth or reduce concentra-
tions of Salmonella enteritidis, Salmonella enterica serovar
Typhimurium, E. coli, Shigella flexneri and Campylobacter
jejuni,58 59 and butyrate can downregulate expression of genes
involved in Salmonella invasion at low doses.60 In in vitro fer-
mentations, low iron concentrations decreased numbers of
SCFA-producers, including Roseburia species/E. rectale,
Clostridium Cluster IV members and Bacteroides species, and
decreased butyrate and propionate concentrations in the efflu-
ent.61 In the present study, we found no effect of iron-containing
MNPs on faecal SCFA concentrations. This difference may be
due to the fact that 95–99% of SCFAs produced by bacterial fer-
mentation are absorbed in the colon, so concentrations measured
in faeces likely do not reflect levels in the colonic lumen.62 In
Swedish infants, faecal butyrate and propionate concentrations
steadily increased over the first 2 years of life, while faecal acetate
increased rapidly in the first few weeks after birth and then plat-
eaued.63 A similar pattern from 6 months to 10 months of age
was visible in the Kenyan infants in this study.

Data on the effect of iron interventions on diarrhoeal inci-
dence in children disagree. In a systematic review of controlled

trials of oral iron supplementation or fortification, provision of
iron was associated with a 11% higher risk of developing diar-
rhoea (p=0.04).7 Four food fortification studies reported diar-
rhoeal outcomes, three provided iron-fortified infant
formula,64–66 and one provided an iron-fortified infant food.67

Since that review, two small iron fortification trials done in
school-age children have not reported an increased risk for diar-
rhoea.68 69 However, a controlled trial in Swedish and
Honduran infants providing iron supplements from 6 months to
9 months, among infants with Hb ≥110 g/L, iron treatment
increased risk for diarrhoea.70 Recent controlled iron supple-
mentation trials (12.5–15 mg Fe/day) in Peru71 and
Bangladesh72 reported a significant increase in diarrhoea. Two
large trials of iron and folic acid supplementation in infants and
children (subjects aged 12–35 months received 12.5 mg Fe/day,
younger children received half the dose) in Nepal73 and
Tanzania3 reported no difference in diarrhoea incidence.
However, in a controlled study in Ghanaian children that used
the same +12.5 mgFeMNP as in our study, there were signifi-
cantly more hospital admissions in the iron group (RR (95%
CI) 1.23 (1.02 to 1.49)), and based on data from the outpatient
register, 83% of the additional cases in the iron group were due
to diarrhoea, but this was not significant (RR (95% CI) 1.12
(0.86 to 1.46)).5 A recent study in Pakistan found an increase in
diarrhoea in infants receiving +12.5 mgFeMNP, with or without
zinc, compared to untreated controls (without zinc: OR (95%
CI) 1.15 (1.00 to 1.3); with zinc: 1.31 (1.13 to 1.51)).6 In the
present study, there was a trend towards a higher rate of diar-
rhoea requiring treatment in the infants receiving the
+12.5 mgFeMNP. Therefore, the available data suggest oral iron
supplements, and +FeMNPs may modestly increase in risk for
diarrhoea in infants. Our findings of a shift in the gut micro-
biome towards a potentially more pathogenic profile along with
the increase in intestinal inflammation could provide a potential
mechanism for this adverse effect.

This is the first controlled intervention trial to examine the
effect of +FeMNPs on the African infant gut microbiome, and
our findings need confirmation in other settings and populations.
IDA and diarrhoea are major causes of morbidity and mortality
in infants in developing countries. In-home fortification with
+FeMNPs has repeatedly been shown to reduce IDA rates in
infants and children, but whether they increase risk for diar-
rhoeal disease remains uncertain. The limited available clinical
evidence and our findings of their effects on the gut microbiome
and inflammation, suggest +FeMNPs may not be entirely safe in
settings with high burdens of infectious diseases. Currently,
WHO recommends fortification using MNPs containing iron,
vitamin A, and zinc for children aged 6–23 months irrespective
of their iron status in settings with an anaemia prevalence of
>20%, and in conjunction with measures to treat malaria,
promote improved sanitation, and improve overall management
of diarrhoea.74 At the same time, WHO recommends iron sup-
plementation only be targeted to infants with IDA, while provid-
ing adequate protection from malaria.4 Our findings, together
with others,5 6 suggest that, until safer formulations are available,
+FeMNPs should be targeted to infants with IDA, while provid-
ing adequate protection from malaria and diarrhoea.
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SUPPLEMENTARY MATERIALS AND METHODS 

Gut microbiome, short-chain fatty acids (SCFAs) and faecal calprotectin  

Faecal DNA was extracted with the Fast DNA Spin Kit for Soil, including a bead-beating step (MP Biomedicals, 

Illkirch, France) and concentration was quantified with a Nanodrop 1000 spectrophotometer (Witec AG, Littau, 

Switzerland). For the preparation of the amplicon pool for pyrosequencing, the following universal primers were 

applied for amplification of the V3-V6 region of the 16S rRNA gene: a) forward primer, 5’-

CCATCTCATCCCTGCGTGTCTCCGACTAGNNNNNNACTCCTACGGGAGGCAGCAG-3’ (the italicised 

sequence is the 454 Life Sciences primer A, and the bold sequence is the broadly conserved bacterial primer 338F; 

NNNNNN designates the sample-specific six-base barcode used to tag each PCR product); b) reverse primer 5’-

CCTATCCCCTGTGTGCCTTGGCAGTCTCAGCRRCACGAGCTGACGAC-3’ (the italicised sequence is the 454 

Life Sciences primer B, and the bold sequence is the broadly conserved bacterial primer 1061R). PCR amplification 

mixture contained: 1 μL faecal DNA, 1 µL bar-coded forward primer, 15 μL master mix (1 μL KOD Hot Start DNA 

Polymerase (1 U/μL; Novagen, Madison, WI, USA), 5 μL KOD-buffer (10×), 3 μL MgSO4 (25 mM), 5 μL dNTP 

mix (2 mM each), 1 μL (10 μM) of reverse primer) and 33 μL sterile water (total volume 50 μL). PCR conditions 

were: 95°C for 2 minutes followed by 35 cycles of 95°C for 20 s, 55°C for 10 s, and 70°C for 15 s. The 

approximately 750 bp PCR amplicon was subsequently purified using the MSB Spin PCRapace kit (Invitek) and the 

concentration was checked with a Nanodrop 1000 spectrophotometer (Thermo Scientific). A composite sample for 

pyrosequencing was prepared by pooling 200 ng of these purified PCR products of each sample. The pooled sample 

was purified using the Purelink PCR Purification kit (Invitrogen), with high-cutoff binding buffer B3, and submitted 

for pyrosequencing of the V3-V4 region of the 16S rRNA gene on the 454 Life Sciences GS-FLX platform using 

Titanium sequencing chemistry (GATC-Biotech, Germany). Targeted quantitative real-time polymerase chain 

reaction (qPCR) was performed using specific primers for bacterial subgroups most prevalent in the human gut and 

expected low-abundant pathogens (Supplementary Table 1). The enumeration of these bacterial groups was 

performed with a 7500 Fast Real-Time qPCR System (Applied Biosystems Europe BV, Zug, Switzerland) using 

SYBR Green PCR Master Mix (Applied Biosystems), and taxon-specific primers in a 25 µL volume. Duplicate 

sample analysis and standard curves were routinely performed in each run. Data were analysed using the 7500 Fast 

System Sequence Detection Software (Version 1.4, Applied Biosystems).  

We measured faecal calprotectin using the Calprest ELISA assay for stools, following the manufacturer’s procedures 

(Eurospital, Trieste, Italy). For the measurement of the SCFAs (acetate, propionate, and butyrate), we homogenised 

100-300 mg of stool in 1 mL 0.15 mM sulphuric acid and centrifuged at 9000 rpm and 2°C for 20 minutes.1 The 

supernatant was transferred into a microconcentrator and filtered by centrifugation at 4700 rpm and 2°C for 90 

minutes.2 The HPLC analysis was performed using a Phenomenex column (Rezex ROA-Organic Acid H+ (8%), 

300*7.8 mm).  

Biochemical indicators 

Haemoglobin was measured immediately after collection with a HemoCue (HemoCue AB, Ängelholm, Sweden) or a 

HemoControl device (EKF diagnostics Sales GmbH, Barleben/Magdeburg, Germany). Serum was separated and 

frozen on collection day. The erythrocytes were washed thrice with normal saline, and zinc protoporphyrin to haem 



ratio (ZPP) was measured using a calibrated AVIV hematofluorometer (AVIV Biomedical, Lakewood, USA). Serum 

ferritin (SF), soluble transferrin receptor (sTfR) and C-reactive protein (CRP) were analysed at Lancet Laboratories 

in Nairobi using the Cobas Integra (Roche, Basel, Switzerland). We converted the Roche sTfR concentration to the 

Flowers assay3 using the regression equation by Pfeiffer (Flowers=1.5*Roche +0.35).4 Serum hepcidin-25 was 

measured in Nijmegen (hepcidinanalysis.com) by a combination of weak cation exchange chromatography and time-

of-flight mass spectrometry.5, 6 Body iron stores were calculated according to the equation by Cook et al. (body iron 

(mg/kg)=-[log10 (sTfR*1000/SF) -2.8229)]/0.1207),7 and total body iron stores by multiplying with body weight.  

Serum levels of IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IFNγ, TNFα, and GM-CSF were determined by using a 

human cytokine multiplex kit (Cytokine 10-plex panel, Invitrogen, Breda, Netherlands), and IL-12 (p40/p70) and IL-

17 were determined by using Singleplex bead kits (Invitrogen) at Radboud University Medical Center, Nijmegen, 

Netherlands. 

Statistical analysis 

Data were analysed using IBM SPSS Statistics 20.0.0 (SPSS Inc., Chicago, IL) and Microsoft Office EXCEL 2010 

(Microsoft, Redmond, WA). Data were double entered and distribution checked for normality; not normally 

distributed data were log transformed. Normally distributed data were expressed as means and standard deviations 

(SD) or standard errors of the mean (SEM). For log transformed data, we obtained geometric means (GM) and 

corresponding standard deviations (SD) for absolute concentrations by taking the antilog of these values. 

Correlations of gut microbial subgroups and intestinal inflammation were done using crude values and Kendall’s tau. 

Pyrosequencing data were analysed with a workflow based on QIIME v1.2,8 and reads were filtered for chimeric 

sequences using Chimera Slayer.9 OTU clustering was performed with settings as recommended in the QIIME 

newsletter of December 17th 2010 (http://qiime.wordpress.com/2010/12/17/new-default-parameters-for-uclust-otu-

pickers/) using an identity threshold of 97%. Diversity metrics were calculated as implemented in QIIME 1.2. 

Hierarchical clustering of samples was performed using UPGMA with weighted UniFrac as a distance measure as 

implemented in QIIME 1.2. The RDP classifier version 2.2 was performed for taxonomic classification.10 

Visualisation of differences in relative abundance of taxa between different study groups was done in Cytoscape.11 

The baseline gut microbiome composition was illustrated using the approach presented by Sundquist et al..12 

Statistical analysis of the pyrosequencing data was done with SciPy (www.scipy.org). Differences in relative 

abundance between groups at a single time point (cross-sectional) were compared by Mann-Whitney U (MWU) 

testing. Comparisons of targets of our primary interest (the phyla Firmicutes and Bacteroidetes, and the taxa 

lactobacilli, Roseburia spp., Clostridium spp., bifidobacteria, and enterobacteria) were not corrected for multiple 

testing.  

Longitudinal effects of intervention were statistically assessed by comparing change over time, which were 

calculated by dividing the relative abundance of a taxon at 4 months or 3 weeks by the relative abundance of a taxon 

at baseline. These changes over time for two groups were compared by MWU. Changes over time of ratios of 

enterobacteria to bifidobacteria or lactobacilli (ratio of relative abundances) were compared the same way. The 

development of specific taxa and phylogenetic diversity over time was assessed by paired testing using the Wilcoxon 



matched-pairs signed-rank test. Multivariate redundancy analysis (RDA) was performed in R (http://www.R-

project.org) using the vegan package.13  

For the qPCR analysis, a total of 22 bacterial targets were tested for a treatment effect in univariate general linear 

models (GLM) for the two MNPs, using baseline variables as covariates (Supplementary Table 1). Moreover, we 

assessed treatment effects of any iron fortification by pooling data from the two iron groups (+FeMNP) and control 

groups (-FeMNP) and using univariate GLM, including baseline values as covariates. A summary variable was 

created for the pathogenic E. coli community by summing copy numbers of the eaeA (E. coli attaching and effacing) 

gene detecting EPEC and EHEC strains, and of the heat-labile and heat-stable enterotoxin gene detecting ETEC LT 

and ETEC ST strains.14  

Treatment effect on weight and height were assessed using GLM with baseline variables as covariates. Treatment 

effects on the incidence of diarrhoea, malaria, and RTI were assessed using logistic regression. Baseline differences 

in iron status markers, inflammation markers, and hepcidin-25 were assessed using independent samples t-tests. 

Estimated intervention effects on iron status and hepcidin-25 were assessed with univariate GLM using baseline 

values as covariates. P values <0.1 were considered as a trend towards significance, and p values <0.05 as 

statistically significant. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1 Species, target gene, and primers used for the quantitative real-time polymerase chain reaction. 

 
Species Target gene (description) Primer and sequence (5'-3') Reference 

C
o

m
m

e
n

sa
ls

 

Total Bacteria 16S rRNA gene 

Eub 338F 

Eub 518R 

ACTCCTACGGGAGGCAGCAG 

ATTACCGCGGCTGCTGG 
(1) 

Bacteroides spp. 16S rRNA gene 

Bac303F 

Bfr-Fmrev 

GAAGGTCCCCCACATTG 

CGCKACTTGGCTGGTTCAG 
(2, 3) 

Firmicutes 16S rRNA gene 

Firm934F 

Firm1060R 

GGAGYATGTGGTTTAATTCGAAGCA 

AGCTGACGACAACCATGCAC 
(1) 

Enterobacteriaceae 16S rRNA gene 

Eco1457F 

Eco1652R 

CATTGACGTTACCCGCAGAAGAAGC 

CTCTACGAGACTCAAGCTTGC 
(2) 

Bifidobacteria xfp gene 

xfp-fw 

xfp-rv 

ATCTTCGGACCBGAYGAGAC 

CGATVACGTGVACGAAGGAC 
(4) 

Lactobacillus/ Leuconostoc/ 

Pediococcus spp. 

16S rRNA gene 

F_Lacto 05 

R_Lacto 04 

AGCAGTAGGGAATCTTCCA 

CGCCACTGGTGTTCYTCCATATA 
(5) 

Roseburia spp./ E. rectale 16S rRNA gene 

RrecF 

Rrec630mR 

GCGGTRCGGCAAGTCTGA 

CCTCCGACACTCTAGTMCGAC 
(6, 7) 

Clostridial Cluster IV 16S rRNA gene 

Clep866mF 

Clep1240mR 

TTAACACAATAAGTWATCCACCTGG 

ACCTTCCTCCGTTTTGTCAAC 
(7) 

Eubacterium hallii 16S rRNA gene 

EhalF 

EhalR 

GCGTAGGTGGCAGTGCAA 

GCACCGRAGCCTATACGG 
(7, 8) 

Faecalibacterium prausnitzii 16S rRNA gene 

Fprau223F 

Fprau420R 

GATGGCCTCGCGTCCGATTAG 

CCGAAGACCTTCTTCCTCC 
(2, 9) 

Sulfate-reducing bacteria Alpha subunit dissimilatory sulfite reductase 

dsrA_290F 

dsrA_660R 

CGGCGTTGCGCATTTYCAYACVVT 

GCCGGACGATGCAGHTCRTCCTGRWA 
(10) 



P
a

th
o

g
e
n

s 

Salmonella invA (invasion) 

InvA 139 

InvA 141 

GTGAAATTATCGCCACGTTCGGGCAA 

TCATCGCACCGTCAAAGGAACC 
(11, 12) 

Staphylococcus aureus Nuclease 

SA-1  

SA-2  

GCGATTGATGGTGATACGGTT 

CAAGCCTTGACGAACTAAAGC 
(12, 13) 

Bacillus cereus Hemolysin 

BC-1  

BC-2 

CTGTAGCGAATCGTACGTATC 

TACTGCTCCAGCCACATTAC 
(9, 12) 

Clostridium difficile 16S rRNA gene 

cdF  

cdR 

TTGAGCGATTTACTTCGGTAAAGA 

CCATCCTGTACTGGCTCACCT 
(14) 

Clostridium perfringens group 16S rRNA gene 

cpF  

cpR 

ATGCAAGTCGAGCGA(G/T)G 

TATGCGGTATTAATCT(C/T)CCTTT 
(14) 

Vibrio cholera CT (cholera toxin) 

CT-F 

CT-R 

ACAGAGTGAGTACTTTGACC 

ATACCATCCATATATTTGGGAG 
(6, 12) 

Enteropathogenic Escherichia coli 

(EPEC) 

 

eaeA (E. coli attaching and effacing) 

Eae a 

Eae b 

ATGCTTAGTGCTGGTTTAGG 

GCCTTCATCATTTCGCTTTC 
(12) 

Enterohemorrhagic Escherichia coli 

(EHEC) stx1 

stx1 (shiga toxin 1) 

JMS1F 

JMS1R 

GTCACAGTAACAAACCGTAACA 

TCGTTGACTACTTCTTATCTGGA 
(12) 

Enterohemorrhagic Escherichia coli 

(EHEC)  stx2 

 

stx2 (shiga toxin 2) 

JMS2F 

JMS2R 

CGACCCCTCTTGAACATA 

GATAGACATCAAGCCCTCGT 
(12) 

Enterotoxigenic Escherichia coli 

(ETEC) LT 

LT (heat-labile enterotoxin) 

LT-1 

LT-2 

 

AGCAGGTTTCCCACCGGATCACCA 

GTGCTCAGATTCTGGGTCTC 
(12) 

Enterotoxigenic Escherichia coli 

(ETEC)  ST 

ST (heat-stable enterotoxin) 

ST_f 

ST_rev 

GCTAAACCAGYAGRGTCTTCAAAA 

CCCGGTACARGCAGGATTACAACA 
(15) 
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Supplementary Table 2 Faecal short-chain fatty acid (SCFA) composition over the time of the iron-fortification 

trial 

Intervention Time point  SCFA (µmol/g) Acetate (µmol/g) Propionate (µmol/g) Butyrate (µmol/g) 

 

+FeMNP 

baseline  96.1 ± 1.6 76.9 ± 1.4 12.4 ± 1.8 6.9 ± 1.7 

3 weeks 107.6 ± 1.6 83.3 ± 1.4 15.0 ± 1.7 8.8 ± 1.6 

4 months 106.2 ± 1.5 75.0 ± 1.3 19.4 ± 1.6 11.8 ± 1.7 

 

-FeMNP 

baseline  104.2 ± 1.5 83.0 ± 1.3 14.0 ± 1.5 7.2 ± 1.5 

3 weeks 110.3 ± 1.5 85.7 ± 1.3 14.4 ± 1.5 10.1 ± 1.6 

4 months 105.3 ± 1.6 74.5 ± 1.4 17.8 ± 1.8 13.0 ± 1.7 

 

ALL 

baseline  99.7 ± 1.6 79.6 ± 1.4 13.1± 1.7 7.0 ± 1.6 

3 weeks 108.8 ± 1.5 84.6 ± 1.4 14.8 ± 1.6 9.4 ± 1.6 

4 months 105.7 ± 1.6 74.8 ± 1.4 18.6 ± 1.7 12.4 ± 1.7 

Data are geometric means ±SD. There were no differences between +FeMNP and -FeMNP using GLM with 

baseline as covariate and p <0.05. In all infants, propionate (p=0.004) and butyrate (p=0.0001) increased 

significantly from baseline to endpoint using paired t-test; this was also seen in +FeMNP (propionate (p=0.029) 

and butyrate (p=0.022) and to some extent in -FeMNP (propionate (p=0.070) and butyrate (p=0.002)). 



Supplementary Table 3 Haematological measurements and anthropometrics performed in study infants.  

Intervention Time point (mo) Hb 

(g/L) 

ZPP 

(µmol/mol 

heme) 

SF 

(μg/L) 

sTfR 

(mg/L) 

CRP 

(mg/L) 

Hepcidin 

(nM) 

Body iron 

(mg/kg) 

Weight 

(kg) 

Length 

(cm) 

 

+2.5mgFeMNP 

0  104.4 ± 10.6 90.5 ± 1.6 31.3 ± 1.9 8.6 ± 1.2 4.4 ± 1.5 3.3 ± 1.3 2.67 ± 1.0 7.2 ± 1.2 

 

64.7 ± 1.1 

4 100.6 ± 10.6 - - - - - - 8.2 ± 1.1 

 

70.1 ± 1.0 

 

6 102.7 ± 10.7 94.0 ± 1.8 19.8 ± 1.6 9.6 ± 1.2 3.7 ± 2.0 2.5 ± 1.3 0.91 ± 1.0 8.7 ± 1.1 

 

73.8 ± 1.0 

 

 

-2.5mgFeMNP 

0  105.4 ± 10.6 109.0 ± 1.8 25.8 ± 1.7 9.5 ± 1.2 3.4 ± 1.5 2.0 ± 1.2 1.98 ± 1.0 7.4 ± 1.1 

 

65.2 ± 1.0 

 

4 103.1 (± 10.5) - - - - - - 8.4 ± 1.1 

 

69.5 ± 1.1 

 

6 103.8 ± 10.7 111.9 ± 1.7 22.4 ± 1.6 11.2 ± 1.4 3.0 ± 1.4 2.1 ± 1.2 1.00 ± 1.0 8.7 ± 1.1 

 

73.7 ± 1.1 

 

 

+12.5mgFeMNP 

0  96.0 ± 10.7 132.9 ± 1.9 29.0 ± 2.0 10.1 ± 1.2 3.2 ± 1.3 2.1 ± 1.2 1.98 ± 1.0 7.1 ± 1.1 

 

63.1 ± 1.1 

 

4 109.9 ± 10.7 87.6 ± 1.8* 33.7 ± 1.7* 8.75 ± 1.2* 2.8 ± 1.3 3.5 ± 1.3 3.28 ± 1.0* 8.4 ± 1.2 

 

70.2 ± 1.1* 

 

6 - - - - - - - - - 

 

-12.5mgFeMNP 

0  102.7 ± 10.8 113.6 ± 1.1 36.0 ± 2.1 10.7 ± 1.2 2.8 ± 1.3 2.5 ± 1.2 2.68 ± 1.0 7.0 ± 1.1 

 

63.7 ± 1.1 

 

4 106.5 ± 10.7 101.7 ± 2.2* 21.9 ±1.6* 11.5 ± 1.2* 3.9 ± 1.5 2.0 ± 1.3 0.5 ± 1.0* 8.3 ± 1.2 

 

68.1 ± 1.1 

 

6 - - - - - - - - - 

Values are geometric means ±SD.  There were no differences at baseline using independent samples t-tests. *significant treatment effects (between iron and control 

of the same MNP, ±2.5mgFeMNP and ±12.5mgFeMNP) using GLM with baseline as covariate and p < 0.05. 



SUPPLEMENTARY FIGURES 

 

 

Supplementary Figure 1 Alpha diversity of the infant gut microbiome over the time course of the trial in the 

pooled groups (+FeMNP and -FeMNP). Phylogenetic diversity was not influenced by +FeMNP intervention, but 

increased significantly over time (p = 0.004 for baseline to 3 weeks and p = 0.005 for 3 weeks to 4 months).  

Boxplots are displayed with the 10-90th percentiles. 



 
Supplementary Figure 2 Changes over time from baseline to endpoint in gut microbiome composition of infants in the -FeMNP group. Nodes represent taxa; 

edges link the different taxonomic levels. The fold increase is calculated as the 2log of the ratio of the relative abundance at the age of ten months old and six 

months (0=no difference between baseline and endpoint, 1=twice as abundant at endpoint). The significance is expressed as the p value of a Mann-Whitney U test. 

The node-size corresponds to the relative abundance. In this explorative analysis, the significance is expressed as the p value of a Mann-Whitney U test. The node-

size corresponds to the relative abundance. Taxa (that is, nodes) were included in this visualization if they met the following criteria: all samples together have an 

average relative abundance of > 0.1% for the taxon and the sample groups have a fold-difference of at least 0.5 with a significance of p < 0.05 or the taxon has a 

child (that is, more specific taxonomic classification) meeting the criteria. 
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