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Background. Available data from murine studies suggest that
intestinal bacteria may have a role in modulating growth phenotypes
in the host. We investigated the prevalence of four gut bacteria known
in murine models to impair growth (Bifidobacterium longum,
Faecalibacterium prausnitzii, Dorea formicigenerans, and Akkermansia
muciniphila), the level of fecal biomarkers of environmental enteric
dysfunction (EED) and stunting in rural Malawian children.

Methods. DNA and protein were extracted from fecal samples of rural
Malawian children (aged 1-59 months) at a baseline cross-sectional
survey in the Mangochi district of Malawi conducted within the
framework of the Macrolides Oraux pour Réduire les Déces avec un
Oeil sur la Résistance (MORDOR) trial. Intestinal carriage of bacteria
was measured by PCR. Neopterin (NEO), myeloperoxidase (MPO), and
alpha-1 antitrypsin (AAT), biomarkers of EED, were measured by an
enzyme-linked immunosorbent assay (ELISA) test. Height-for-age Z
(HAZ) score <-2 defined stunting. Tests of proportions and regression
models were used to explore the relationship between bacterial
carriage, EED, and stunting.

Results. Fecal samples from 613 children were available for laboratory
analyses. F. prausnitzii and D. formicigenerans were prevalent in over
70% of children while B. longum was the least prevalent. B. longum
carriage in younger children was associated with elevated EED
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biomarkers. Two thirds of children had elevated NEO, 33% had
elevated MPO, and 16% had elevated AAT. Stunting was found in 38%.
No significant associations were found between EED biomarkers or
intestinal bacteria carriage and stunting.

Conclusion. Intestinal carriage of these four bacteria was not
associated with stunting in Malawian children. Carriage was also not
associated with EED, nor EED biomarker levels associated with
stunting. Further factors acting in concert are necessary to impact
EED, perturb growth, and alter gut bacterial carriage.
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Introduction

According to emerging evidence from murine studies, gut
bacteria have a role in modulating growth phenotypes in the
host. A study that looked into whether a growth phenotype
could be passed down through a combination of diet and gut
bacteria reported links between a weight loss phenotype and a
combination of a Malawian diet and a kwashiorkor microbiota'.
Another study, which looked at the interaction between gut
microbiota development and undernutrition, reported links
between gut microbiota and growth characteristics in a murine
model’>.  Bifidobacterium longum, Faecalibacterium praus-
nitzii, and Dorea formicigenerans were found to be related with
weight gain in mice. Another study utilizing a mouse model
reported an inverse relationship between intestinal carriage of
Akkermansia muciniphila and body weight’. Further studies in
humans have reported relationships between the gut microbiota
and growth characteristics. In Bangladeshi, intestinal bacterial
diversity was persistently reduced in malnourished children
compared to healthy children. Also, relative abundance
of Bifidobacterium was reported to be lower in malnour-
ished children compared to healthy children’. Furthermore,
A. muciniphila abundance was shown to be lower in overweight
or obese Swedish pre-school children”.

The mechanisms by which the gut bacteria can mediate growth
are not well known. One proposed mechanism is the preservation
of intestinal integrity, which improves nutrient absorption after
digestion. This hypothetical mechanism is better explained
by studies of environmental enteric dysfunction (EED), a
subclinical condition of the gut defined by structural alterations
in the intestinal epithelium and underlying chronic inflammatory
responses that may result in loss of gut integrity and influence
growth™®. In EED, alterations in gut microbiota assembly
and function cause structural changes in the intestinal epithe-
lium, allowing bacteria or microbial antigens from the lumen
to enter the systemic circulation and cause persistent
immunological activation. This then impacts linear growth,
either by suppressing growth hormones or redirecting nutrients
away from growth and toward more immunological
metabolism™'’. A multi-site, longitudinal study that exam-
ined the relationship between the fecal biomarkers of EED
(myeloperoxidase (MPO), neopterin (NEO), and alpha-1
anti-trypsin  (AAT) and linear growth in infants living in
low-income settings of South Asia, Sub-Saharan Africa and
Latin America showed that high levels of these biomarkers
predicted a decline in infant length-for-age z (LAZ) scores''.
Similarly, in a case-control study assessing a relationship
between MPO or AAT and growth impairment in rural
Brazilian children (aged between 6-26 months), higher fecal
levels of both biomarkers were associated with growth faltering'>.

The present study investigated the prevalence of Akkermensia
muciniphila, Bifidobacterium longum, Dorea formicigenerans,
and Faecalibacterium prausnitzii in rural Malawian children.
We investigated the link between intestinal carriage of these
bacteria, fecal biomarkers of EED, and stunting in rural
Malawian children to understand if the growth mediating effects
of these bacteria observed in mouse models are also observed
in the human population.
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Methods

Ethical considerations

The MORDOR trial was conducted in accordance with the
Declaration of Helsinki. It was approved by the London School
of Hygiene and Tropical Medicine Ethics Committee (UK)
(reference number 6500) and the College of Medicine Research
Ethics Committee (Malawi) (P.02/14/1521). Information and
consent forms were translated into local languages (Yao and
Chichewa) prior to their approval by the local ethics commit-
tee. Consent was first obtained at the community level through
discussions with the village chief and community elders who
then verbally indicated whether the community was willing to
participate. Written, informed consent (by thumbprint or
signature) was then obtained from the parent or legal guardian
of each child for inclusion before they participated in the study.
All parents and guardians were informed of their freedom
to withdraw their child from the study at any time without a
requirement to give a reason(s).

Study design

This study made use of fecal samples, and demographic and
anthropometry data gathered during a baseline assessment of
the prevalence of carriage of macrolide resistant enteropatho-
gens undertaken as part of a multi-country randomized control-
led trial named “MORDOR” (NCT02047981). The trial study
design and protocol have been previously published'*'*. Briefly,
a total of 1,090 children residing in 30 clusters within the
Mangochi district were enrolled into the baseline survey.
All enrolled children were aged 1 to 59 months and weighed
at least 3.8kg. Sample and data collection took place between
May and July 2015. Details of fecal sample collection have
been described in previous studies'>'°. This study is based
off the first named author’s PhD thesis'".

Laboratory methods

Total, genomic DNA was isolated from 250mg fecal sample
using the commercially available PowerSoil DNA Isolation Kit
(MO BIO Laboratories Inc, Carlsbad, CA, now a part
of Qiagen, Germany). As a quality control measure, DNA yield
was quantified in 10% of samples using the Qubit dsDNA HS
assay kit (Invitrogen, CA, USA). Endpoint qPCR was
performed to detect the presence of the following bacteria:
Akkermensia  muciniphila,  Bifidobacterium longum Dorea
formicigenerans, and  Faecalibacterium  prausnitzii. Each
PCR reaction used a 1:10 diluted DNA sample to negate any
unwanted effects of high DNA yield. The qPCR was performed
using a Rotorgene-Q instrument (Qiagen, Hilden, Germany)
where samples were run in a 72-well rotor format. The qPCR
assays were designed and performed using the microbial DNA
gPCR assay platform (Qiagen). The total volume of a single
PCR reaction was 12.5ul and each reaction contained 6.25ul of
microbial qPCR master mix (Qiagen), a commercial microbial
DNA gPCR assay containing primers (10uM), and a
5’-hydrolysis probe (5 pM) targeting the bacterial 16S rRNA
gene and 3ul template DNA in an aqueous solution. A no
template control and a microbial DNA positive control
(Qiagen) were included on each run. Thermal cycling
conditions for the assay were 95°C for 10 minutes followed
by 40 cycles of 95°C for 15 seconds and 60°C for 2 minutes.
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The endpoint qPCR results were classified as positive or negative
using a method by Pickering et al.,"

To quantify fecal biomarkers of EED, commercially available
enzyme-linked immunosorbent assay (ELISA) kits for MPO
(Immundiagnostik, Germany), AAT (Immundiagnostik), and
NEO (Genway, CA, USA) were used for the quantification of
each biomarker'’.

Height/length measurements

The SECA Leicester height measure (Chasmors Ltd., UK) was
used to measure height for children who were >2 years of age
and able to stand whereas the SECA 417 infantometer (Chasmors
Ltd.) was used to measure recumbent length for children who
were <2 years of age or unable to stand unaided. Both height
and length were measured to within 0.1 cm. All measurements
were taken in triplicate by field nurses.

Statistical analysis

To describe the prevalence of carriage of defined bacteria,
the proportions of fecal samples with a positive qPCR
result for each of the defined bacteria were calculated. The
biomarkers of EED were assessed individually or were
combined to form a composite EED score as described by
Kosek et al.,'"" with minor modifications as detailed elsewhere'°.
The distribution of the biomarkers of EED was determined
using the median (IQR) concentration of the fecal biomarkers.
Published cut-off values for each of the three biomarkers'''’
were used to determine proportions of fecal samples with
elevated biomarkers. The World Health Organization (WHO)
2006 Child Growth Standards were used for the calculation of
height-for-age Z (HAZ) scores”. Participants with out-of-range
HAZ scores, (>6 or <-6) were not included in the subsequent
analyses as such scores are biologically implausible. HAZ scores
were used in analyses as continuous variables or categorized
into not stunted or stunted, defined as having a Z score of <-2.
Fisher’s exact or Pearson’s chi-square tests were used to
explore associations between bacterial carriage and sex,
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age, biomarkers of EED, and stunting. Age and sex adjusted
regression models were also used to explore the relationship
between bacterial carriage, biomarkers of EED, and stunting.

Results

Baseline characteristics of participants

The baseline survey of prevalence of carriage of macrolide
resistant enteropathogens enrolled 1,090 children, of which only
709 (65%) returned fecal samples. Of the 709 fecal samples,
613 fecal samples had sufficient volume for the analyses of
intestinal bacterial carriage while 523 of the 613 fecal samples
had sufficient remaining volume for the analyses of fecal
biomarkers of EED. Characteristics of all children who were
included in the final analyses of this study and those not
included are shown in Table 1. Participant sex was compara-
ble between all participants who were not included the analyses
and those included in the bacterial carriage and EED
biomarker analyses whilst differences were seen for age and
height between children included in the analyses of bacterial
carriage and EED biomarkers and all participants not included
in the analyses.

Prevalence of bacterial carriage and biomarker
distribution

F. prausnitzii was the most prevalent bacterium, appearing in
98% of the samples (Table 2). D. formicigenerans was present
in 79% of the samples, A. muciniphila was found in 43% of
the samples, and B. longum was present in just over one
third of the fecal samples. Fecal samples were stratified by
sex and age to compare bacterial carriage. There was no
difference in the prevalence of F. prausnitzii, B. longum and
A. muciniphila between male and female children, however,
a higher proportion of fecal samples from male children
were positive for D. formicigenerans compared to the female
children (Table 2). B. longum was most prevalent in fecal
samples from the youngest age group while D. formicigenerans,
F. prausnitzii, and A. muciniphila were more prevalent in the
older children (Table 2).

Table 1. Characteristics of participants who were included in the analyses as compared to all

participants not included in the analyses.

All participants Participants

Participants

Variable excluded in the included in bacterial P value included in EED* P value
analyses carriage analyses biomarkers analyses
Number of
participants 469 613 523
0.664
Male sex N (%) 222 (47.33) 299 (48.78) 264 (50.5) 0.24¢
¥
Height, cm 81.90 (12.79) 84.5(12.1) 0.007*  85.0(11.6) 0.005*
Age, months 27.74(16.21) 31.1(16.4) 0.0008* 32.0(16.0) <0.001*

Data are presented as mean (SD) unless otherwise stated.

*Denotes P values obtained from Student’s t-test while *denotes P values obtained from sample proportion test.

Environmental enteric dysfunction (EED).
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Of the 523 fecal samples that were available for the measure-
ment of fecal biomarkers of EED, 488 had sufficient sample
volume for MPO ELISA, 421 for NEO, and 495 for AAT. Four
hundred and twenty one samples had results for all the three
markers. A larger proportion of children [77% (324/421)] had
elevated NEO levels relative to published reference values (NEO
<=70 nmol/L, AAT <=0.27 mg/g and MPO <=2000 ng/ml)'"".
Approximately, one third of the children had elevated MPO
levels and levels of fecal AAT were elevated in 16% of the
children (Table 3). The comparison of biomarker concentrations
by sex did not show any differences in MPO and AAT
concentrations; however, NEO concentration was higher in
female children compared to male children (Table 3). There
were significant differences in biomarker distribution among
the five age groups. Median fecal concentration for all the
three biomarkers was higher in younger children compared
to older children (Table 3).
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Association between bacterial intestinal carriage and
biomarkers of EED

Logistic regression analysis examining the relationship between
bacterial carriage and biomarker concentration did not find
any association between fecal carriage of A. muciniphila or
F. prausnitzii and any of the three individual biomarkers
of EED. However, fecal carriage of B. longum was associated
with increased odds of having elevated biomarker concentra-
tions (vs normal concentrations), whilst fecal samples that were
positive for D. formicigenerans were 70% less likely to have
elevated MPO concentration (Table 4).

B. longum carriage in children younger than 24 months was
associated with fecal concentrations of MPO and NEO but
not in the older children (Table 5). Elevated MPO concentration
was found in fecal samples of children aged between
0-12 months who were positive for B. longum while children

Table 2. Prevalence of bacterial carriage across all samples, by age, and by sex.

Carriage Carriage by age in months Carriage by sex
. in all
Variable samples 1-12 1324 2536  37-48 4960 Pvalue Female Male  Pvalue
(N=613) (n=104) (n=134) (n=120) (n=144) (n=111) (n=314) (n=299)
B. longum positive % (n) 29 (179) 82(85) 46(61) 17(17) 8(12) 4(4) <0.001* 31(96) 28(83) 0.5°
A. muciniphila positive % (n) 43 (264) 26 (27) 48 (64) 53 (63) 42 (60) 45(50) 0.001*  42(132) 44(132) 0.65°
D. formicigenerans positive 79 (483) 42 (44)  81(109) 88(105) 85(122) 93(103) <0.001* 75(235) 83(248) 0.019°
% (n)
F. prausnitzii positive % (n) 98 (603) 95(99) 99(132) 100(120) 99 (143) 98(109) 0.06b 98 (307) 99 (296) 0.34°
“Denotes P values obtained from Pearson’s chi-square test,
"Denotes P values obtained from Fisher’s Exact test
Table 3. Biomarker distribution across all samples, age, and sex.
*Proportion Age in months Sex
. ith elevated
Variable e .
biomarkers in all P P
samples, % (n) 1-12 13-24 25-36 37-48 49-60 e Female Male value
MPO* 22 (106/488) 4255 971 580 402 290 <0.001* 610 518 0.91°
(ng/ml) (13165) (1778)  (1077) (757) (357) (1383) (1629)
N=68 N=104 N=86 N=114 N=86 N=242  N=246
NEO* 76 (324/425) 2101 402 133 134 63 <0.001* 0.06 0.08 0.21°
(nmol/L) (3103) (1379) (295)  (348) (153) (0.14) (0.15)
N=55 N=99 N=85 N=108 N=81 N=244  N=251
AAT 16 (81/495) 0.25 0.1 0.06 0.06 0.03 <0.001* 140 201 0.02°
(mg/qg) (0.64) 0.2) (0.11)  (0.10)  (0.05) (505) (1044)
N=66 N=105 N=90 N=117 N=85 N=210  N=211

*Normal values for the biomarkers were based on values reported in the literature (NEO <=70 nmol/L, AAT <=0.27 mg/g and MPO <=2000

ng/mi)"" 1971
Biomarker concentration are presented as median (IQR)
“Denotes P value obtained from Kruskal-walis test
"Denotes P values obtained from Wilcoxon rank sum test
Neopterin (NEO), myeloperoxidase (MPO), and alpha-1 antitrypsin (AAT).
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aged between 12-24 months who were positive for B. longum
were more likely to have elevated NEO concentration.
D. formicigenerans carriage was not associated with any
individual biomarker in any of the age groups (Table 6).

Bacterial carriage and composite EED score were analyzed
by age and sex adjusted logistic regression. Composite EED
scores were categorized into low and high scores centered around
the mean score (1.73). B. longum, but not the other three bac-
teria species, was associated with the composite EED score.
Fecal samples that were positive for B. longum were more
likely to have a high composite EED score (Table 7).

Bacterial carriage and biomarkers of EED were not
associated with stunting

Height measurements and demographic (age and sex) data
were available for all participants whose fecal samples were
assayed for bacterial carriage (n=613) and 488 of those whose
samples were assayed for individual biomarkers of EED.
For the complete data set, mean (SD) HAZ score was -1.6 (1.5)
with 38% (229/607) of the children stunted. There was no
relationship between bacterial carriage and HAZ or stunting.
Similarly, none of the individual EED biomarkers or the
composite EED score were associated with HAZ or stunting
(Table 8).

Discussion

The current study examined the prevalence of four bacteria
previously linked with growth in mouse models, as well
as the severity of intestinal inflammation and permeability in
rural Malawian children. It also investigated the links between
bacterial carriage, increased biomarker concentrations, and
stunting. F. prausnitzii was found in practically all children
while B. longum was more common in younger children and
A. muciniphila and D. formicigenerans were more common
in older children. Fecal concentrations of MPO, NEO, and AAT
reduced with age.

The high prevalence of carriage of F. prausnitzii reported
in the current study is consistent with earlier findings
demonstrating that this bacterium is one of the most prevalent
and prolific intestinal bacteria in the human gut>. This
bacterium is present at low levels in infants throughout the first
six months of life, increasing slowly in abundance from seven
months of life and doubling during the second year of life*.
Furthermore, F. prausnitzii was identified as an important
age discriminatory bacterium and proved its low abundance
in early life in studies that employed a machine-learning-based
approach to define a healthy gut microbiota of Bangladeshi
or Malawian children®*. The increase in D. formicigenerans
carriage with age in our study population is comparable
with earlier studies that used molecular approaches to
demonstrate intestinal carriage>**. The higher prevalence of
B. longum in younger children is compatible with breast feeding
as a source of B. longum®~°, which is present in breast-milk®>’-**.

Our data show that younger children had elevated levels of
fecal AAT, MPO, and NEO, which is comparable to published
findings from resource limited settings'*?'. The reasons for

Gates Open Research 2022, 6:78 Last updated: 18 JUL 2022

the negative association between age and fecal levels of AAT,
MPO, and NEO are not unknown; however, some authors
have proposed that breastfeeding may be a factor because
AAT and NEO are present in minute concentrations in breast
milk'***" whereas MPO is thought to be produced from the
activation of infant mucosal neutrophils by alpha-lactalbumin
and tryptophan as an immune response. Both alpha-lactalbumin
and tryptophan are constituents of breastmilk®*>. Nonetheless,
there is insufficient evidence to determine whether the
association between these biomarkers and age is physiological
or pathological.

Our study also showed a positive relationship between fecal
carriage of B. longum and raised biomarkers of EED, which is
uncommon given that this bacterium has been demonstrated to
have several benefits in the humans. This positive correlation
could be attributed to confounding by other factors such
as breastfeeding and enteric infections, which were not
evaluated. Breastfeeding and enteric infections have been
associated with fecal levels of AAT, NEO, and MPO, and
MPO and AAT respectively in Bangladeshi infants';
therefore more research is needed to investigate the effect
of breastmilk, its constituents, and enteric infections on
biomarker concentration, gut bacteria, and implications for gut
health.

We found no relationship between bacterial carriage or fecal
biomarkers of EED and stunting. Some of the important
aspects of EED are bacterial composition, intestinal
inflammation, and permeability and prior studies have reported
or predicted links between high levels of MPO, AAT, or NEO
and growth impairment'"'>*. Inconsistent findings between
these biomarkers and growth outcomes have been previously
reported by George er al.,”* who did not find a link between
raised baseline fecal levels of AAT, MPO, or NEO and stunt-
ing, or between baseline composite EED score and stunting.
Furthermore, Campbell and colleagues® did not find
any relationship between composite EED score and HAZ
score at 18 months of follow-up. The majority of studies
that have demonstrated links between the biomarkers of
EED and growth were longitudinal, used bigger sample
sizes, and were conducted in children under the age of
two'1%*. There is currently no evidence demonstrating a link
between bacterial carriage, assessed by qPCR, and stunting in
humans. Given that there are many other factors that influence
child growth, the relationship between bacterial carriage,
intestinal inflammation or permeability, and stunting may be
obscured by other factors such as, food insecurity, enteric
infections, diarrheal diseases, social-economic status, maternal
education, or other growth determinants.

One of the limitations for the current study was the availability
of fewer fecal samples for analysis, which limited the
generalizability of results. Furthermore, the lack of data
for some demographic factors reduced the number of poten-
tial confounders that might have been used in the analysis.
Data on socio-economic status, breastfeeding, water quality,
sanitation, and hygiene indicators may have enriched the
analysis.
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Table 7. Association between bacterial carriage and composite
environmental enteric dysfunction (EED) score.

Variable
Low (n=175)
B. longum, n (%) 9(5)
A. muciniphila, n (%) 83 (47)
D. formicigenerans, n (%) 162 (93)
F. prausinitzii, n (%) 172 (98)

CI= confidence interval, OR=odds ratio.

Composite EED score

High (n=214) OR (95%CI) P value*®
90 (42) 7.0(3.3,16.3) <0.001
96 (45) 1.0(0.6,1.6) 0.98

169 (79) 0.7(0.3,1.5) 0.06

212 (99) 1.4(0.212.6) 0.73

n (%) = Number of fecal samples (proportion) positive.

©0dds ratio (95% CI) and P values were obtained with logistic regression after adjusting for age and
sex. Using the Bonferroni correction for multiple testing, associations with a P value less than 0.0125

were considered statistically significant.

Table 8. Association between bacterial carriage, biomarkers of environmental
enteric dysfunction (EED) and height-for-age Z (HAZ) or stunting.

HAZ Stunting
Variable
Coefficient (95%CI)' P value' OR (95% CI)? P value?

B. longum -0.26 (-0.64,0.12) 0.175 0.99(0.62,1.57)  0.97
A. muciniphila -0.24 (-0.53,0.03) 0.083 1.21(0.86,1.69) 0.27
D. formicigenerans -0.08 (-0.44,0.28) 0.656 1.18(0.76,1.85) 0.47
F. prausnitzii -0.01 (-1.1, 1.08) 0.985 1.13(0.30,5.38) 0.86
MPO* -0.34 (-0.68,-0.01) 0.046 1.06 (0.65,1.77)  0.81
AAT* -0.22 (-0.60,0.16) 0.26 0.73(0.42,1.26) 0.26
NEO* -0.19(-0.51,0.13) 0.25 1.01(0.64,1.58) 0.97
Composite EED score -0.07 (-0.38,0.24) 0.67 0.89(0.56,1.40) 0.61

CI= confidence interval, OR=odds ratio

'Coefficients (95% CI) and P values obtained from a linear regression analysis after adjusting for age and

Sex.

“OR (95% CI) and P values obtained from a logistic regression analysis after adjusting for age and sex

Neopterin (NEO), myeloperoxidase (MPO), and alpha-1 antitrypsin (AAT).

* Of all the 613 participants for gPCR, six had out of range HAZ scores while of the 488 participants
whose samples were assayed for individual biomarkers of EED, 5 had out of range HAZ scores. These were

excluded in this analysis.

Conclusions

In conclusion, our findings demonstrate a significant prevalence
of F prausnitzii and D. formicigenerans in fecal samples
from older rural Malawian children, which is consistent with
previous studies. The current study also found elevated
levels of AAT, MPO, and NEO in the age group matching
when children are breastfed. Future studies should determine
whether the association between age and the fecal levels
of these biomarkers in children is normal or pathological.
We found an association between B. longum carriage and
biomarkers of EED and future studies should corroborate this

by sequencing B. longum strains carried by children in this
population to determine if there are any genetic differences
with the strains that have been identified as beneficial in other
settings. The current study found no relationship between
bacterial carriage, intestinal inflammation, intestinal perme-
ability and stunting, implying that the selected bacteria do not
contribute to EED or growth in this Malawian population.
More studies are needed to determine other factors that
influence growth and their association with EED. Such stud-
ies could look at risk factors for EED by identifying enter-
opathogens in food, water, and fecal samples and examining
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how the enteropathogens affect the gut microbiota, gut function
and subsequent growth. Furthermore, such studies might
look into how exclusive breastfeeding and complementary
feeding alter gut microbiota composition, gut function, and
ultimately linear growth.

Data availability

Underlying data

Figshare: Association between intestinal bacterial carriage,
biomarkers of environmental enteric dysfunction and stunting
in rural Malawian children.

https://doi.org/10.6084/m9.figshare.20178065.v13¢
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