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ABSTRACT
Background: Common bean and cowpea contain about 25% protein
and 25% fiber, and are recommended as complementary foods in sub-
Saharan Africa.
Objective: The objective of this study was to determine if a daily
legume supplement given to Malawian infants aged 6 to 12 mo alters
the 16S configuration of the fecal microbiota as read out by amplicon
sequence variants (ASVs).
Methods: This study was conducted within the context of a random-
ized, double-blind, controlled clinical trial to assess whether cowpea
or common bean supplementation reduced intestinal permeability
or increased linear growth. There were 2 village clusters in which
the study was conducted. Fresh stool collections were flash frozen
from 236 infants at ≤6 time points. The stools were sequenced
using Earth Microbiome project protocols and data were processed
using Qiime and Qiita, open-source, validated software packages. α-
diversity was measured using the Faith’s test. The 16S configuration
was characterized by determining the weighted UniFrac distances
of the ASVs and comparing them using permutational multivariate
ANOVA.
Results: Among the 1249 samples analyzed, the α-diversity of the
fecal microbiome was unchanged among subjects after initiation of
legume supplementation. Neither cowpea nor common bean altered
the overall 16S configuration at any age. The 16S configuration
differed between children with adequate and poor linear growth aged
from 6 to 9 mo, but no specific ASVs differed in relative abundance.
The 16S configuration differed between children with normal and
abnormal intestinal permeability at 9 mo, but no specific ASVs
differed in relative abundance. Among categorical characteristics of
the population associated with different 16S configurations, village
cluster was most pronounced.
Conclusion: Legume supplementation in breastfed, rural African
infants did not affect the structure of the gut microbial communities
until the children were aged 9 mo. This trial was registered at clinical
trials.gov as NCT02472262. Am J Clin Nutr 2020;111:884–892.

Keywords: legumes, fecal microbiota, African infants, cowpea,
Veillonella spp, Lactobacillus mucosae

Introduction
Suboptimal child growth and development, chiefly embodied

as stunting, is a key indicator of chronic, functional disability.
Reducing stunting rates has been the focus of a myriad of clinical
investigations, including efforts to improve complementary feed-
ing and gut health. One intervention trial recently demonstrated
improved linear growth in a population of infants vulnerable
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to stunting using cowpea supplementation (1), which provides
dietary protein and fiber.

Gut microbial communities are a determinant of human health.
The diet, and dietary fiber in particular, are primary determinants
of the gut microbiota (2, 3) and dietary supplementation can
alter the gut microbiota. Descriptive studies of the gut microbiota
using 16S rRNA gene amplicon sequencing (16S) have identified
configurations that are associated with normal linear growth (4).

Here, extensive fecal 16S sequencing of healthy rural African
children aged from 6 to 12 mo participating in a legume
supplementation trial was used to test the following hypotheses:
1) introduction of a substantial amount of fiber-rich legume into
the daily diet at age 6 mo will reconfigure the fecal microbiota,
and 2) children with either poor linear growth and/or increased
intestinal permeability will have different 16S configurations
than those with adequate linear growth and/or normal intestinal
permeability.

Methods

Participants

All children aged 5.5 to 6.5 mo resident in the Masenjere or
Limela village clusters in southern Malawi were eligible to parti-
cipate in a supplementary legume feeding study of 6-mo duration,
which has been previously reported (1). Of the 291 participants
who completed the trial, a randomized subset of 236 children
were selected for fecal 16S sequencing at 6 time points. Exclusion
criteria for the primary clinical trial were the presence of acute
malnutrition, receiving supplemental food from another interven-
tion program, a chronic noninfectious disease, or a congenital
abnormality. Ethical approval was obtained from the University
of Malawi College of Medicine Research and Ethics Committee
and the Human Research Protection Office at Washington
University in St. Louis. The study was explained to each child’s
caregiver by a native Malawian Chichewa-speaking nurse and
verbal and written consent were obtained. Caregivers who could
not sign their names documented consent with a thumbprint.

The trial was conducted from July 2015 to October 2016
(1, 5). The residents of these villages lived in houses made
from mud and hatch, with extremely limited access to electricity;
their water source was from boreholes and shallow wells. They
practiced subsistence farming, where maize was the main crop
harvested annually after the rainy season. During the first year of
life, all the infants were breastfed ad libitum and consumed corn
porridge as the primary complementary food.

Study design

This was a 24-wk prospective, randomized, double-blinded,
controlled clinical trial in which the intervention groups received
a daily ration of cowpea or common bean, whereas the control
group received corn-soy blend flour. The study protocol has been
previously published (5) and the trial is registered at clinicaltria
ls.gov as NCT02472262. The primary outcomes were change in
length-for-age z-score (�LAZ) and reduction in the percentage of
excreted lactulose after oral challenge, a test of intestinal perme-
ability. The primary outcomes have been previously reported (1).
Secondary outcomes were differences in the 16S configuration of

the fecal microbiota among children receiving different comple-
mentary foods or with differing linear growth or intestinal per-
meability. Of the 291 children who completed the primary trial,
236 were randomly selected using a spreadsheet random number
generator (Excel, Microsoft), and these children had extensive
fecal 16S assessment to determine the secondary outcomes
related to the microbiota. It was necessary to create the subset
for analyses of 16S configuration due to resource constraints.

Participation

At the first visit, the children’s anthropometry was measured
and sociodemographic and health information were collected.
Subjects were then given a 6-wk supply of flour. Caregivers were
educated by study nurses on how to prepare and feed the flour to
their infants.

A fresh fecal sample was collected at the time of enrollment,
which was transferred to cryovials that were then immersed and
stored in liquid nitrogen. Stool was transferred weekly from the
liquid nitrogen to a −80◦C freezer. A dual sugar (lactulose:
mannitol, L: M) test was also performed in a rigorous manner,
as previously described (6).

Anthropometric measurements, a symptom and compliance
survey, and stool collection were repeated when each child was
aged 6.5, 7.5, 9, 10.5, and 12 mo, whereas the L: M test was
repeated when each child was aged 9 and 12 mo. Intervention
flour was distributed every 6 wk by study nurses.

Study foods

Cowpea and common bean were chosen as complementary
food interventions for this population because they contain 25%
protein and were not routinely consumed by this population.
Cowpeas and common beans were purchased at local markets,
roasted to an internal temperature of 120–130◦C for 45 min, and
milled into flour (7). The control group received a traditional
complementary food of extrusion cooked corn and soybean flour.
All groups received 40% of the recommended complementary
food intake from the supplements, 80 kcal/d aged from 6 to 9 mo
and 120 kcal/d aged from 9 to 12 mo. The cowpea and common
bean contained 21% and 28% fiber, respectively, whereas the
control supplement had 12% fiber (8). Study nurses instructed
caregivers to add either the legume or the control flour to the
child’s serving of porridge once daily, though several children in
the study preferred to eat the legume flour plain. Compliance was
assessed with random home visits.

Two 24-h dietary recalls were conducted on random subsets
of 50 subjects in October 2015 and February 2016, which were
times of relative food abundance and scarcity, respectively, to
assess dietary intake. During all of the regular follow-up visits,
each caretaker was asked about the habitual family consumption
of cowpea and common bean to determine how much the habitual
diet might be confounding the intervention.

Fecal DNA extraction, 16S sequencing, and bioinformatic
analysis

The Earth Microbiome project protocols were followed to
perform 16S rRNA assessment (9). Briefly, DNA was extracted
using the DNeasy® PowerSoil® kit (Qiagen) using QIAcube
following the manufacturer’s instructions, and the V4 region

http://clinicaltrials.gov
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of the 16S rRNA gene was amplified using barcoded primers
(10). PCR was performed in triplicate for each sample and
V4 paired-end sequencing (10) was performed using Illumina
MiSeq (Ilumina). Raw sequencing data from 4 MiSeq runs
were uploaded to Qiita (11). Within Qiita, Illumina reads were
demultiplexed and quality controlled using the defaults, as
provided by QIIME1 1.9.1 (12). A total of 150 nucleotide forward
reads were used to generate the primary amplicon sequence
variant (ASV) table using Deblur (13); the resulting table was
filtered to exclude samples with <5000 reads. Phylogeny was
reconstructed via SEPP against the Greengenes 13.8 reference
database. The resulting tree was used to compute Faith’s α-
diversity (15) and weighted UniFrac (14) distances for ß-
diversity. Weighted UniFrac distance matrices were calculated
in R (16) using the phyloseq version 1.26.1 (QIIME1) (17)
package. Taxonomic labels of ASVs were assigned based on the
ribosomal database project (Michigan State University) classifier
algorithm with kmer size 8 and 100 bootstrap replicates, with
species-level assignment only performed for 100% matches,
against the ribosomal database project database 16 within the
dada2 package version 1.10.1 (QIIME1) and confirmed by
manual comparison using the basic local alignment search tool
for nucleotides (US National Library of Medicine) for ASVs
identified as significantly different. To compare with previous
analyses, annotation at 97% for species is also reported for
significant ASVs (Supplementary Table 1). ASV sequences are
provided in Supplementary Table 2. All raw sequence data can
be found in the European Bioinformatics Institute (EBI) under
accession number EBI: ERP106623.

Statistical analyses

Anthropometric indices were calculated based on the WHO’s
2006 Child Growth Standards using Anthro v 3.1 (WHO).
Clinical and demographic data corresponding to each 16S-
sequenced sample were tabulated by complementary food group.
These data were compared using 1-factor ANOVA and the
Fisher’s exact test 2×3 to determine if there were differences
between the dietary groups of this subset. A P <0.05 was
considered to be significant.

Change in linear growth was assessed over 4 intervals, aged
from 6 to 7.5 mo, >7.5 to 9 mo, >9 to 10.5 mo, and >10.5
to 12 mo, and determined by calculating �LAZ. A �LAZ <

−0.2 per 6-wk period was designated as poor linear growth, in
accordance with the linear growth rates described as faltering in a
recent meta-analysis, and �LAZs ≥ −0.2 per 6-wk period were
deemed as adequate linear growth (18). Intestinal permeability
was categorized as in the primary clinical trial report as lactulose
excretion <0.2% being normal and lactulose ≥0.2% being
abnormal.

Linear mixed effect models via q2-longitudinal’s “linear mixed
effects” command (19) was used to test whether first difference
and baseline difference of 1) Faith’s Phylogenetic Diversity Index
differed between the intervention groups and 2) the weighted
UniFrac distances of the 16S configuration differed between the
intervention groups. These analyses used the following fixed
effects: age, sex, and village cluster. Dietary intervention and
time slope were random effects. The results are displayed as
volatility plots with spaghetti representations of each child’s
16S sequence to emphasize the longitudinal nature of the data.

Only subjects with data available at each time point (136
individuals) were kept prior to genus-level collapse for feature
selection. Features of interest were identified by a random
forest classifier. Temporal trends of ASVs were visualized with
volatility plots (q2-longitudinal plugin). The data was further
divided based on the 9-mo time point when legume intake
was increased. For each feature we used an interaction model
with month, intervention, sex, and village as fixed effects, and
individual and month as random effects. Depending on the
feature, models were simplified and only significant interactions
were kept.

PERMANOVA, a multivariate ANOVA with permutations,
was used to identify differences between the weighted UniFrac
distances from the different categorical designations of 16S
configurations: children with adequate or poor linear growth,
children with normal or abnormal intestinal permeability, chil-
dren with or without access to clean water, children resident in
Masenjere or Liemla, and children with a history of some or no
antibiotic usage. For linear growth and intestinal permeability,
comparisons were made only between children of a similar
age. Two-tailed P values <0.05 were considered significant.
The differential abundances in ASVs were identified using
ANCOM (analysis of composition of microbes) in Qiime2–
version 2018.11 (12).

Results
After sequencing, ASV assignment, and filtering of these

1416 samples, 1249 samples were analyzed for the 16S
profile (Supplemental Figure 1). Among the clinical, an-
thropometric, environmental, and demographic characteristics
in each of the 3 dietary supplement groups, only roofing
material differed (Table 1). The number of stools sequenced at
different ages is shown in Supplemental Figure 1, demonstrating
comprehensive, longitudinal sampling throughout the course of
participation.

Compliance was assessed with 537 home visits. No flour
remained in the home at 6% of these visits, and the amount
of flour remaining was, on average, 90% of what was expected
based on correct use. Caregivers reported missing a daily ration
of legume flour at 7% of the visits.

Among the control group during the 6-mo participation
period, 22/76 caretakers reported consuming cowpea ≥1
time, and 4/76 control caretakers reported consuming cow-
pea weekly; 29/76 caretakers reported consuming common
bean ≥1 time, and 10/76 reported consuming common bean
weekly.

The 10 ASVs with the largest relative abundances identified
in these samples are shown in Figure 1; the groups aged 7.5 mo
and 10.5 mo are displayed as examples. There were no differences
is Faith’s Phylogenetic Diversity for the 3 supplementary foods
(linear mixed effects model, z statistic = 0.69 and P = 0.43
for common bean, z statistic = 0.64 and P = 0.73 for cowpea,
model includes age, sex, village cluster, and subject, Figure
2). No differences in the 16S configuration were caused by
legume feeding (z statistic = −1.61 and P = 0.11 for common
bean, z statistic = −0.015 and P = 0.99 for cowpea, model
includes age, sex, village cluster, and subject, Figure 3). The
11 ASVs came from 8 genera, these genera were also tested
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TABLE 1 Characteristics of Malawian children receiving cowpea or common bean1,2

Cowpea
(n = 82)

Common bean
(n = 78)

Control group
(n = 76) P

Female 41 (50) 37 (47) 35 (46) 0.86
Age, mo 5.8 ± 0.2 5.8 ± 0.2 5.8 ± 0.3 0.99
Father living in home 67 (82) 68 (87) 63 (83) 0.65
Siblings 2.4 ± 1.9 2.5 ± 1.9 2.4 ± 2.0 0.93
Clean water source 60 (73) 58 (74) 51 (67) 0.58
Animals sleep with the child 25 (30) 30 (38) 20 (26) 0.26
Mother washes hands often when preparing food 46 (56) 46 (59) 39 (51) 0.65
Midupper arm circumference, cm 14.2 ± 0.9 14.0 ± 0.7 14.1 ± 1.0 0.35
Weight-for-length, z-score 0.5 ± 0.9 0.3 ± 0.8 0.4 ± 0.9 0.35
Length-for-age, z-score − 1.2 ± 1.2 − 1.1 ± 1.0 − 1.2 ± 1.0 0.41
Weight-for-age, z-score − 0.5 ± 0.9 − 0.5 ± 0.8 − 0.5 ± 0.9 0.99
Diarrhea in past week 12 (15) 12 (15) 10 (13) 0.95
Fever in past week 28 (34) 24 (31) 21 (28) 0.67
Radio in home 34 (41) 24 (31) 25 (33) 0.33
Bicycle in home 41 (50) 38 (49) 35 (46) 0.86
Roof made of metal 23 (28) 25 (32) 9 (12) 0.01
Breastfed 81 (99) 78 (100) 76 (100) 1.0
Village, Limela 32 (39) 35 (45) 35 (46) 0.63

1Values are means ± SD or n (%).
2Comparisons made with Fisher’s exact test 2 × 3 for categorical characteristics and with 1-factor ANOVA for continuous characteristics.

using the linear mixed effects action to determine if their
relative abundance was affected by legume feeding. Consuming
cowpea caused a higher relative abundance of Bifidobacterium
during the ages of >9 to 12 mo than consuming common
bean or control feeding (z statistic = 2.49 and P = 0.013),
lower relative abundances of Prevotella during the ages of 6 to
12 mo (z statistic = −2.39 and P = 0.02), and lower relative
abundances Escherichia/Shigella during the ages of 6 to 9 mo
(z statistic = −2.97 and P = 0.003). These weighted UniFrac
comparisons were similar whether the 4 control children who
were reported to consume cowpea at least weekly were excluded
or included.

From the ages of 6 to 7.5 and >7.5 to 9 mo, children with poor
linear growth had a different 16S configuration than those with
adequate linear growth (pseudo F = 2.74, P = 0.042 and pseudo
F = 3.38, P = 0.016, respectively). The most abundant ASVs
are shown in Figure 4. No ASVs were identified by ANCOM as
differing in relative abundance for children with adequate growth
and faltering growth.

Aged 9 mo, the 16S configuration differed between children
with normal and abnormal intestinal permeability (pseudo
F = 4.32, P = 0.006). No differences were found between
children with normal and abnormal intestinal permeability aged
6 and 12 mo. No ASVs were identified by ANCOM as differing
in relative abundance when children aged 9 mo with normal and
abnormal intestinal permeability were compared.

The use of clean water within Limela was associated with dif-
ferences in 16S configuration (PERMANOVA t-statistic = 3.76,
P = 0.018).

Of the 103 courses of antibiotics received by the children,
84 (82%) were trimethoprim/sulfamethoxazole and 12 (12%)
were amoxicillin. Children who received a course of antibiotics
did not have a different 16S configuration when compared
with children who did not receive antibiotics (PERMANOVA t-
statistic = 2.42).

The 16S configuration of the microbiota differed be-
tween children from Masenjere and Limela (PERMANOVA t-
statistic = 35.7, P = 0.001). The population characteristics
of these 2 village clusters differed in that children from
Masenjere reported better hand sanitation, had more access
to clean water, were more likely to keep animals in the
home, had better access to health care services, utilized
more antibiotics, were wealthier, and had greater intestinal
permeability (Supplemental Table 3). Differential abundance
by ANCOM identified multiple ASVs that differed based on
village; a higher relative abundance of ASVs matching members
of the genera Collinsella, Olsenella, Prevotella, and Dialister
spp. was seen in Masenjere. In Limela, ASVs mapping to the
genera Veillonella, and 1 ASV for Megasphaera elsdenii and
Lactobacillus mucosae were significantly higher (Supplemental
Figure 2).

Discussion
The introduction of cowpea as a daily complementary food

from the ages of 6 to 12 mo in rural Malawian children did not
alter the 16S configuration of the fecal microbiota, as represented
by a weighted UniFrac matrix using a longitudinal analyses
method. Cowpea supplementation improved linear growth in this
population from the ages of 6 to 9 mo. Coincident with this
differential linear growth, the 16S configuration differed between
children with adequate growth and faltering growth. Intestinal
permeability was associated with the 16S configuration at the age
of 9 mo.

Although the sample size was large and taken from individuals
at multiple points in time, the study is limited in that complete
microbiome data were not obtained. Shotgun metagenomics
covering the whole genome was not performed, but rather
targeted sequencing of the 16S rRNA gene was employed. Thus,
differences in the metabolic capacity of the microbiota as a whole
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with the introduction of cowpea were not elucidated. Therefore,
our data does not enable the opportunity to describe how within a
species some community members may affect other members, as
has been done previously with Bacteroides fragilis (20). As the

microbiota demonstrate considerable diversity in settings across
the world, our findings cannot be generalized outside of the rural
sub-Saharan African context. Likewise, our study focused on
breastfed infants aged from 6 to 12 mo and cannot be generalized
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FIGURE 4 Microbial communities clustered using principal coordinates analysis (PCoA) of a weighted UniFrac matrix, plot compares children with
adequate linear growth (blue dots) and faltering growth (red dots) aged 6 to 7.5 mo and >7.5 to 9 mo. A � length-for-age z-score (� LAZ) < −0.2/6 wk was
designated as poor linear growth and �LAZ ≥ −0.2/6 wk was deemed as adequate. 16S configurations of growth from the ages of 6 to 7.5 mo and >7.5 to
9 mo differed when compared by PERMANOVA (P = 0.04, P = 0.01, respectively).

to individuals outside of this demographic. In this study we
did not observe the expected effect of a reconfiguration of the
microbiota with a dietary supplement. One potential explanation
for this would be noncompliance with the intervention, however,
our in-home surveys and inventories indicate compliance was
excellent.

The inability of a “substantial” amount of dietary fiber to cause
discernable changes in the 16S configuration is in contrast to what
has been observed in other populations and animal models (21).
When dietary interventions reconfigured the gut microbiota, these
changes were seen over periods of weeks and months, which this
study thoroughly encompasses (22). All of the children studied
were breastfed ad libitum. Breast milk contains large amounts
of prebiotics in the form of human milk oligosaccharides and
lactose, which comprise over 50% of its dry matter content.
This attests to the prominent role that breast milk plays in
establishing and maintaining the configuration of the microbiota,
and the stability it confers to the infant gastrointestinal tract
in low-resource settings. This also speaks to the importance
of microbiota working in synergy with the infant intestine for
maturation and survival (23, 24).

When children aged 6 and 7.5 mo were divided into
categories of adequate growth and faltering growth, different 16S

configurations were noted. The differences were subtle in that
shifts in relative abundance of specific ASVs were not seen,
and the principle coordinate analyses plots appear very similar
(Figure 4). This alteration of 16S configuration was coincident
with cowpea increasing linear growth. Certainly, both linear
growth and the configuration of the gut microbiota are complex,
essential biological processes that must impact each other. While
this study provides no information about the pangenome of each
species, gene expression, and/or metabolite production, it might
be that cowpea is acting synergistically with a favorable 16S
configuration to affect linear growth.

This study also identified provocative data at the level of
community of residence. Specifically, village clusters were
distinguished by different 16S fecal configurations, which was
the most pronounced difference in 16S configurations observed in
this study. Masenjere infants had greater lactulose permeability,
more acute malnutrition, and poorer linear growth than Limela
infants (25). Paradoxically, Masenjere had cleaner water, a higher
rate of maternal handwashing, was wealthier, with better access
to health care, receives more antibiotics, and had greater dietary
energy intake than Limela. The elevation of Limela is about
740 meters and Masenjere 106 meters. The lower elevation
in Masenjere allows a humid tropical climate 12 mo a year,
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which is associated with continuous malaria transmission. In
contrast, the higher elevation in Limela allows a dry, cool season,
with average daily temperatures of ∼15◦C, which interrupts
malaria transmission. We cannot determine from our data which
attributes of Masenjere and Limela confer benefits to children,
although differences in the gut microbiota could well play
an important role. Malaria infection is known to affect the
gut microbiota composition in mammalian hosts (26). In a
Malian cohort, the reduction of Plasmodium falciparum infection
was associated with a high abundance of Bifidobacterium,
Streptococcus, Escherichia, and Shigella. In this instance, modest
wealth and good sanitation practices are not enough to ame-
liorate the constraints on linear growth imposed by geography.
The finding that geography is an important determinant of
16S configuration was demonstrated in a large study from
China (27).

The increased relative abundance of Veillonella spp and
Megasphaera elsdenii in Limela, the village where inhabitants
had better clinical outcomes, warrants particular comment. These
genera belong to the class previously referred to as Negativicutes,
which was overrepresented in preterm infants who did not
develop necrotizing enterocolitis (i.e., these organisms were
protective). Veillonella primarily, and to a much lesser extent
Megasphaera, were components of the putatively protective
Negativicutes populations in neonatal intensive care units in St.
Louis, Oklahoma City, and Louisville (28). Veillonella was also
associated with protection against necrotizing enterocolitis and
with healthy growth in infants born preterm in a subsequent
cohort study in Durham (29). Recent investigation of the role
of small proteins made by Veillonella spp suggest they have
a role in the bacterial defense against phages (30). Finally,
Veillonella is associated with successfully finishing the Boston
marathon, and conferred increased exercise performance on
mice (31).

A greater relative abundance of Lactobacillus mucosae was
found in Limela where there is less intestinal permeability; this
is consistent with laboratory studies that show this organism
strengthens the mucosal barrier by enhancing tight junctions and
reduces adhesion of pathogenic enteric bacteria in animal models
(32).

In conclusion, extensive 16S sequencing of fecal samples
from a trial of cowpea supplementation in rural African
infants did not reveal a microbiota signature for stunting.
Observations concerning Lactobacillus mucosae, thought to
enhance tight junction integrity, from this trial may fuel further
hypothesis testing regarding environmental enteric dysfunc-
tion. The association of the Veillonella genus in the feces
with health benefits in several populations warrants further
investigation.
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