
An estimated 500,000 deaths globally are attrib-
uted to diarrheal diseases each year among chil-

dren <5 years of age (1). Enteric pathogens infecting 
the intestinal tract can cause diarrhea and reduce a 
child’s ability to absorb nutrients, even when infec-
tions are asymptomatic, resulting in malnutrition and 
impaired growth (2,3). Globally, in 2021, a total of 149 

million children <5 years of age were estimated to be 
stunted in growth (4). Enteric diseases can have long-
lasting effects; studies have found that early child-
hood enteric infections leading to unmet energetic 
demands for adequate brain development can result 
in adverse cognitive developmental outcomes later in 
life (5–7). In the Democratic Republic of the Congo 
(DRC), an estimated 45 million diarrheal episodes oc-
cur each year, contributing to 10% of deaths among 
children <5 years of age; 43% of children in this age 
group are estimated to have stunted growth (8–10).

A recent study found that the presence of Akker-
mansia muciniphila, a commensal microorganism, in 
child fecal samples was associated with significantly 
less diarrhea and greater linear growth measured us-
ing height-for-age (HAZ) z-scores (Almeida et al., un-
pub data). We conducted this cross-sectional study as 
part of the Global Enteric Multicenter Study (GEMS) 
conducted in Mali, Kenya, Gambia, and Bangladesh. 
Additional prospective studies are needed, however, 
to investigate the association between A. muciniphila 
and child growth. Lactobacillus spp. have also been 
shown protective against enteric infections and as-
sociated with healthy gut microbiota composition 
(11–13). In a multicountry study, the presence of L. 
salivarius was associated with less Shigella-attributed 
diarrhea (14). Laboratory studies have found that L. 
salivarius can improve growth in animals (15), but no 
study has investigated this association in humans.

The Reducing Enteropathy, Undernutrition, and 
Contamination in the Environment (REDUCE) study 
focuses on identifying pathways of exposure to fe-
cal pathogens that are significant contributors to di-
arrheal diseases for young children in the DRC, and 
on developing and evaluating scalable interventions 
to reduce fecal contamination from these pathways. 
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To investigate the association between enteric patho-
gens, fecal microbes, and child growth, we conducted 
a prospective cohort study of 236 children <5 years of 
age in rural eastern Democratic Republic of the Congo. 
We analyzed baseline fecal specimens by quantitative 
PCR and measured child height and weight at base-
line and growth at a 6-month follow-up. At baseline, 
66% (156/236) of children had >3 pathogens in their 
feces. We observed larger increases in height-for-age-
z-scores from baseline to the 6-month follow-up among 
children with Akkermansia muciniphila in their feces (co-
efficient 0.02 [95% CI 0.0001–0.04]; p = 0.04). Children 
with Cryptosporidium in their feces had larger declines 
in weight-for-height/length z-scores from baseline to the 
6-month follow-up (coefficient –0.03 [95% CI –0.05 to 
–0.005]; p = 0.02). Our study showed high prevalence of 
enteric pathogens among this pediatric cohort and sug-
gests A. muciniphila can potentially serve as a probiotic 
to improve child growth.
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Our primary objective in conducting this prospective 
cohort study was to determine whether the presence 
and quantity of enteric microorganisms, including L. 
salivarius and A. muciniphila, in feces was significantly 
associated with growth in young children in rural 
DRC. We hypothesized that the enteric pathogens 
Giardia, Shigella, Cryptosporidium spp., and Campylo-
bacter jejuni would impair child growth by increasing 
intestinal inflammation and reducing nutrient ab-
sorption. Conversely, we hypothesized that L. salivar-
ius and A. muciniphila would improve child growth 
by reducing intestinal inflammation and facilitating 
nutrient absorption.

Methods

Study Design
We conducted this prospective cohort study of 236 
children <5 years of age in rural Walungu Territory 
in South Kivu Province, DRC as part of the REDUCE 
program. The study was part of a larger USAID/Bu-
reau for Humanitarian Assistance–funded Develop-
ment Food Security Activities (DFSA) awarded with 
the goal of improving food and nutrition security 
and economic wellbeing in vulnerable households 
in South Kivu and Tanganyika provinces in DRC. 
We enrolled participants during June 2018–Janu-
ary 2019 and conducted 6-month follow-up visits in 
households during December 2018–August 2019. The 
number of samples for analysis was determined on 
the basis of the number of participants with baseline 
fecal samples and child growth data. We included in 
the analysis data from all children meeting these cri-
teria who were <5 years of age at follow-up with >5 
months of surveillance data from baseline to follow-
up. Caregivers were administered a questionnaire at 
baseline to obtain information on demographic fac-
tors. Informed consent was obtained from a parent or 
guardian of all study participants. Study procedures 
were approved by the research ethics review commit-
tees of the University of Kinshasa (protocol 043-2017) 
and the Johns Hopkins Bloomberg School of Public 
Health (protocol 8057).

At baseline, caregivers were provided DNase/
RNase-free feces cups and a cooler box with an icepack 
for collecting and storing feces specimens from chil-
dren <5 years of age during home visits. Research as-
sistants then transported fecal samples within 6 hours 
of collection to the microbiology laboratory at the 
Catholic University of Bukavu in Bukavu, DRC, where 
samples were stored in liquid nitrogen. Research  
assistants with training in standardized anthropom-
etry measured children’s weight 1 time and height or 

length 3 times at baseline and 6-month follow-up. We 
measured length for children <23 months and height 
for children 24–59 months of age. We used these mea-
surements to calculate z-scores according to World 
Health Organization (WHO) child growth standards 
(16): height-for-age (HAZ), weight-for-age (WAZ), and 
weight-for-height/length z-scores (WHLZ).

Laboratory Analysis
Fecal samples were transported on dry ice in temper-
ature-controlled shipping containers to the Enteric 
Microbiology Laboratory at the University of Mary-
land School of Medicine in Baltimore, Maryland, 
USA, and stored in a freezer at −80° C until analysis. 
We isolated DNA from frozen fecal samples using a 
modified procedure that included bead-beating steps 
and an adapted QIAGEN QIAamp (https://www.
qiagen.com) DNA stool extraction procedure (17). 
We measured concentration of DNA using a Nano-
drop spectrophotometer (ThermoFisher Scientific, 
https://www.thermofisher.com). We analyzed DNA 
for Shigella spp., ETEC, C. jejuni, G. intestinalis, and 
Cryptosporidium spp. by quantitative PCR (qPCR) us-
ing primers published elsewhere (18,19) and SYBR 
Green. In addition, we analyzed 2 commensal bac-
teria, A. muciniphila (forward primer TCCATCAT-
GAGCCTGTCCGA and reverse primer ACGAG-
CACCAGAATGATCAG) and L. salivarius (forward 
primer TTATCATTTTAGGCGTCTGGA and reverse 
primer ATGGGAGACTTGGTTGGATG). We deter-
mined gene copies in the specimens by quantification 
using a standard curve based on dilutions of purified 
total genomic DNA isolated by QIAGEN column for 
each 96-well plate (14). We combined the DNA con-
centration, qPCR measurement, and standard curve 
to estimate the number of gene copies per 100 ng of 
total fecal DNA. We set >1 copy/100 ng DNA as the 
cutoff to define the presence of an enteric microorgan-
ism, using methods published elsewhere (20,21).

Statistical Analysis
To assess the association between enteric microor-
ganisms and measures of child growth, we performed 
analyses in linear regression models using general-
ized estimating equations to account for clustering at 
the household level and to approximate 95% CIs; we 
recorded changes in HAZ, WAZ, and WHLZ from 
baseline to the 6-month follow-up as outcomes and 
presence and quantities of enteric microorganisms 
as predictors. We adjusted models to account for  
caregiver formal education (household education), 
number of persons in the household (household size), 
household wall type (housing type), breastfeeding  
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(exclusive, any, or none), and animal-source food 
intake (nutritional status measured using a struc-
tured dietary questionnaire on foods consumed in 
the 24 hours before sampling). We included house-
hold education because previous studies had found 
association between this variable and child growth 
(22,23). We included household wall type as a mea-
sure of socioeconomic status of the household, 
which has been associated with child growth (24). 
We included household size as a measure of crowd-
ing, which has been associated with food insecurity 
and delayed growth in young children (24–26). We 
included breastfeeding because of studies demon-
strating association between this variable and im-
proved child growth and reduced diarrheal diseases 
(27,28). We included animal-source food intake be-
cause of association between this variable and child 
growth (29,30). To assess factors associated with the 
presence of A. muciniphila, we performed analyses 
on linear regression models using generalized es-
timating equations to account for clustering at the 
household level and to approximate 95% CIs, using 
presence of A. muciniphila as the outcome and fac-
tors such as age and sex as predictors. We compared 
children with and without anthropometric data at 
the 6-month follow-up using a χ2 test and performed 
analyses in SAS version 9.4 software (SAS Institute 
Inc., https://www.sas.com).

Results
We obtained baseline fecal samples and anthro-
pometric measurements for 236 children. Median 
(±SD) baseline age for participants was 2 ±1 years 

(range 0.08–5.00 years) (Table 1). Girls accounted 
for 52% (153/236) of participants; 71% (167/236) 
resided in a household with >1 persons with any 
level of formal education. Caregivers reported 54% 
(127/236) of children had any or exclusive breast-
feeding in the 24 hours before sampling; 30% (8/27) 
of children <6 months of age were exclusively 
breastfed. Other variables among participating chil-
dren included 69% (163/236) consuming animal- 
source food in the 24 hours before sampling. For 
wall materials, 60% (153/236) of participants re-
sided in households with mud walls, 4% (9/236) 
wood, 5% (12/236) concrete, 6% (13/236) wood and 
mud, 5% (12/236) biomass, 2% (5/236) brick, and 
7% (16/236) wood and concrete.

We excluded 43 children in our cohort study 
from analyses because we did not have 6-month 
follow-up anthropometric measurements for them. 
We found no significant (p<0.05) differences for 
any enteric microorganism or demographic fac-
tors at baseline between children with or without 
anthropometric data at 6-month follow-up. At 
baseline, 95% (224/236) of children had Giardia, 
54% (127/236) C. jejuni, 35% (83/236) Shigella, 5% 
(11/236) Cryptosporidium, 70% (166/236) A. mu-
ciniphila, and 31% (73/236) L. salivarius (Table 2). 
Median copies per 100 ng DNA (range) was 197 
(0–2,258,242) for Giardia, 1.5 (0–4,724,251) for C. je-
juni, 0 (0–35,687,711) for Shigella, 19 (0–3,290,838) 
for Cryptosporidium spp., 15 (0–17,730,754) for A. 
muciniphila, and 0 (0–1,556) for L. salivarius. Median 
+SD pathogens in feces was 3 ±1 (range 0–5). For  
the number of pathogens, 2% (5/236) of children 
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Table 1. Baseline demographic characteristics for participants in prospective cohort study of enteric microbes and child growth among 
young children, Democratic Republic of the Congo* 
Characteristic Value 
Children <5 y of age 236 
Baseline age, y, median ±SD (range) 1.5 ±1.2 (0.08–4.6) 
Sex 

 

 F 122 (52) 
 M 114 (48) 
Household wall type 

 

 Mud walls 153 (66) 
 Wood walls 9 (4) 
 Concrete walls 12 (5) 
 Wood and mud walls 13 (6) 
 Biomass walls 12 (5) 
 Brick walls 12 (5) 
 Wood and concrete walls 5 (2) 
 Other 16 (7) 
Household member with any formal education 167 (71) 
Household size, median ±SD (range) 6 ±2.4 (2–17) 
Baseline growth measurements, z-score, median ±SD (range) 

 

 Height for age −2.0 ±1.6 (−5.7 to 5.9) 
 Weight for height 0.4 ±1.4 (−4.8 to 5.2) 
 Weight for age −0.7 ±1.3 (−4.7 to 3.0) 
*Values are no. (%) children except as indicated. 
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had zero, 9% (21/236) had one, 23% (54/236) had 
two, 47% (110/236) had three, 19% had four, and 1 
child had five.

We observed larger increases in HAZ, 0.34 HAZ 
coefficient (95% CI 0.2–0.67; p = 0.04), from baseline 
to 6-month follow-up for children with A. muciniph-
ila detected in their feces at baseline compared with 
those who did not (Table 3). When we included A. 
muciniphila as a continuous outcome (log trans-
formed) in the model, HAZ coefficient was also sig-
nificantly higher, 0.02 (95% CI 0.0001–0.04; p = 0.04). 
Children with versus without Cryptosporidium spp. in 
their feces had larger declines in WHLZ, −0.03 WHLZ 
coefficient (95% CI −0.05 to −0.005; p = 0.02). We ob-
served no other significant associations between en-
teric pathogens or microbes and child growth. In-
cluding caregiver-reported child antibiotic usage in 
our models did not significantly change our observed 
associations. Older children had significantly higher 
A. muciniphila in feces (p <0.05) (Appendix Table 1), 
whereas children <2 years of age had a significantly 
higher number of enteric pathogens in their feces (p = 
0.046) (Appendix Table 2).

Discussion
In this prospective cohort study conducted in rural east-
ern DRC, we found that A. muciniphila was associated 
with improved linear growth in young children, Cryp-
tosporidium was associated with impaired growth, and 
two thirds of children had a high prevalence (>3) of en-
teric pathogens in their feces. Children with Cryptospo-
ridium in their feces, as measured by WHLZ, grew more 
poorly as the abundance of the pathogen increased. In 
contrast, A. muciniphila in feces was associated with im-
proved linear growth. This promising finding suggests 
that A. muciniphila may have the potential to serve a pro-
biotic role to help improve growth in young children; 
however, experimental studies must first be conducted 

to prove this potential benefit. Children are most suscep-
tible to linear growth faltering during the first 2 years of 
life (31), and effective interventions are urgently needed 
to improve child health during this critical window 
of development.

Our finding that A. muciniphila was associated 
with improvements in linear growth is consistent 
with a recent cross-sectional study among children 
in GEMS, which found that children who had A. 
muciniphila in their feces had higher HAZ than did 
children who did not (Almeida et al., unpub. data). 
Previous studies in adult populations have found A. 
muciniphila more abundant in healthy persons com-
pared with those with inflammatory bowel disease 
(32). A. muciniphila resides in the intestinal mucin, 
which may serve as its carbon source (33). We hy-
pothesize that A. muciniphila impacts the gut muco-
sal barrier through reducing intestinal inflammation. 
Our results, however, do not imply causality, and 
our study is not a substitute for a randomized clinical 
trial. Low A. muciniphila presence may be a marker 
of pathogenic processes, such as increased intestinal 
inflammation, contributing to poor child growth, but 
the microbe itself may not be directly influencing 
child growth. Mechanistic studies are needed to fur-
ther investigate our observed association between A. 
muciniphila and child growth.

Findings from human and animal studies sug-
gest that A. muciniphila is a highly promising pro-
biotic (34). Oral A. muciniphila supplementation 
improved clinical responses to immune checkpoint 
inhibitors targeting the PD-1/PD-L1 (programmed 
death-1/programmed death ligand-1) axis in animal 
studies (35), and A. muciniphila reduced biomark-
ers of liver dysfunction and inflammation among 
persons who were overweight or obese (36); how-
ever, no studies have investigated its effect on child 
growth or diarrhea. Rhubarb extract has been shown 
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Table 2. Type and number of enteric pathogens and commensal microbes in feces samples from participants in prospective cohort 
study of enteric microbes and child growth among young children, Democratic Republic of the Congo 
Category No. (%) Median ±SD (range) 
Participants with >1 pathogen in feces, n = 236 73 (89) 3 ±1 (0–5) 
Pathogen type   
 Giardia 224 (95) 197 ±170,042 (0–2,258,242) 
 Shigella 83 (35) 0 ±2,937,024 (0–35,687,711) 
 Cryptosporidium 11 (5) 0 ±214,213 (0–3,290,838) 
 Campylobacter jejuni 127 (54) 1.5 ±487,706 (0–4,724,251) 
No. pathogens   
 None 10 (4)  
 1 58 (25)  
 2 118 (50)  
 3 49 (20)  
 4 1 (1)  
Commensal microbes   
 Akkermansia muciniphila 166 (70) 15 ± 1,196,734 (0–17,730,754) 
 Lactobacillus salivarius 73 (31) 0 ± 151 (0–1,556) 
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to promote A. muciniphila abundance (34) and might 
therefore serve as a potential natural source of A. 
muciniphila. Future mechanistic studies are needed 
to determine if A. muciniphila is associated with 
decreased enteric inflammation and systemic in-
flammation. Experimental studies are also needed 
to investigate our observed association between A. 
muciniphila and child growth in other global settings 
to determine whether this commensal microbe can 
be used as a potential therapeutic agent to improve 
child growth.

Cryptosporidium is a protozoan parasite that in-
fects the small intestine, resulting in damage to the 
intestinal epithelium walls, and causes an estimated 
44 million diarrheal episodes globally each year, 9 
million in sub-Saharan Africa (37,38). This intestinal 
damage can reduce nutrient absorption and barrier 
function and lead to a disorder named environmental 
enteropathy, associated with impaired linear growth 
in young children (39,40). Cryptosporidium is zoonotic 
in origin and can be spread through cattle and also 
through fecal–oral transmission (41). Consistent with 
our findings, a recent meta-analysis found that Cryp-
tosporidium was associated with declines in WHLZ 
(37). Future studies are needed to determine the pre-
dominant Cryptosporidium transmission pathways for 
patients in our study setting in eastern DRC.

Nearly all (98%) children in our study had >1 en-
teric pathogen in their feces, and 89% had >1. A re-
cent study of hospitalized diarrhea patients (children 
and adults) at a cholera treatment center in Uvira, 
South Kivu, DRC, found that 50% of girls and 68% of 
boys 1–15 years of age had >1 pathogen in their feces, 

a lower percentage than in our study (42). However, 
this difference is likely because the Uvira study in-
cluded children older than the children <5 years of 
age comprising our study cohort; older persons typi-
cally have fewer enteric pathogens. The most com-
mon enteric pathogen in the Uvira study was Crypto-
sporidium, experienced by 28% of participants.

Among our study’s limitations, we analyzed 
feces specimens only at baseline, which prevented 
us from investigating risk factors for subsequent 
enteric infections or determining the prevalence of 
enteric infections among our study population over 
time. Second, we did not perform an in-depth analy-
sis of a larger panel of enteric pathogens from the 
gut microbiome, which might have provided further 
information about potential pathways by which en-
teric microbes affect child growth (43). Third, we did 
not collect information on the HIV status of children. 
Persons with HIV are at higher risk for Cryptospo-
ridium infections (44). Fourth, we did not adjust for 
multiple comparison; however, all significant find-
ings were in the hypothesized direction. Fifth, we 
did not have data on diarrhea for all study children; 
future studies should apply model-derived quan-
titative cut-points to investigate causes of diarrhea 
in children (18). Finally, our small sample size did 
not support subgroup analyses by age, which would 
have been particularly useful for children during the 
first 2 years of life when they are most susceptible 
to growth faltering. Future studies should involve 
larger sample sizes to investigate data by age strata.

Among our study’s strengths, we collected an-
thropometric data at baseline and 6-month follow-up,  
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Table 3. Associations between enteric pathogens and anthropometric measurements for participants in study of Akkermansia 
muciniphila association with improved linear growth among young children, Democratic Republic of the Congo* 

Category 

Change from baseline to 6-month follow-up, coefficient (95% CI) 
Height-for-age 

z-score 
Weight-for height/ 

length z-score 
Weight-for-age  

z-score 
Pathogen or microbe, presence vs. absence 

   

 No. pathogens 0.08 (–0.05 to 0.21) –0.01 (–0.15 to 0.14) 0.06 (–0.04 to 0.15) 
 Giardia 0.27 (–0.25 to 0.80) –0.13 (–0.84 to 0.58) 0.02 (–0.36 to 0.41) 
 Shigella 0.01 (–0.30 to 0.33) 0.11 (–0.20 to 0.42) 0.03 (–0.21 to 0.27) 
 Cryptosporidium 0.37 (–0.08 to 0.81) –0.41 (–0.83 to 0.0008) 0.00 (–0.38 to 0.37) 
 ETEC 0.11 (–0.19 to 0.42) –0.26 (–0.60 to 0.09) 0.04 (–0.27 to 0.34) 
 Campylobacter jejuni 0.09 (–0.15 to 0.34) 0.11 (–0.17 to 0.40) 0.16 (–0.05 to 0.37) 
 Akkermansia muciniphila 0.34 (0.02–0.67) –0.04 (–0.37 to 0.28) 0.23 (–0.01 to 0.47) 
 Lactobacillus salivarius –0.12 (–0.40 to 0.17) –0.01 (–0.29 to 0.27) –0.03 (–0.26 to 0.19) 
Pathogen or microbe, log transformed presence vs. absence 

   

 Giardia 0.01 (–0.02 to 0.04) –0.01 (–0.04 to 0.03) 0.0005 (–0.02 to 0.02) 
 Shigella 0.0007 (–0.02 to 0.02) 0.01 (–0.01 to 0.03) 0.01 (–0.01 to 0.02) 
 Cryptosporidium 0.02 (–0.01 to 0.05) –0.03 (–0.05 to 0.005) –0.01 (–0.03 to 0.02) 
 ETEC –0.01 (–0.03 to 0.01) 0.0004 (–0.02 to 0.02) 0.003 (–0.01 to 0.02) 
 Campylobacter jejuni 0.004 (–0.01 to 0.02) 0.002 (–0.02 to 0.02) 0.01 (–0.01 to 0.02) 
 Akkermansia muciniphila 0.02 (0.001 to 0.04) –0.01 (–0.03 to 0.01) 0.01 (–0.01 to 0.02) 
 Lactobacillus salivarius –0.01 (–0.04 to 0.02) 0.00 (–0.03 to 0.03) –0.001 (–0.02 to 0.02) 
*Models adjusted for wall type, household educational level, number of persons in the household, animal source food, and breastfeeding. ETEC, 
enterotoxigenic Escherichia coli. 
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using a prospective design that enabled us to assess re-
lationships between enteric infections at baseline and 
subsequent changes in child growth over time. Second, 
in addition to enteric pathogens, we included data on 
commensal microbes, specifically A. muciniphila and 
L. salivarius, which could serve as potential therapeu-
tic interventions to promote subsequent child growth. 
Most studies have focused only on enteric pathogens 
in child feces. Third, we used qPCR and a bead beat-
ing step. qPCR detects enteric microbes at lower con-
centrations (i.e., qPCR has a higher sensitivity than 
traditional culture methods [14,45]). The bead beating 
step releases more DNA and higher quality DNA than 
other methods for microbial DNA (11,21).

In our community-based prospective cohort 
study, young children had a high burden of enteric 
pathogens in eastern DRC. We found Cryptosporidi-
um in feces was associated with growth faltering, fur-
ther evidence to support the role of enteric pathogens 
on child growth in a sub-Saharan Africa setting and 
highlighting the need for interventions to reduce pe-
diatric exposure to fecal pathogens. Our results also 
show that A. muciniphila was associated with im-
proved linear growth in young children, illustrating 
the potential of this enteric microbe to serve as a ther-
apeutic intervention for this high-risk population and 
suggesting pathways for future research globally. 
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etymologia revisited
Nipah Virus
[ne´-pə vī´-rəs]

In 1994, a newly described virus, initially called equine morbillivi-
rus, killed 13 horses and a trainer in Hendra, a suburb of Brisbane, 

Australia. The reservoir was subsequently identified as flying foxes, 
bats of the genus Pteropus (Greek pteron [“wing”] + pous [“foot”]). In 
1999, scientists investigated reports of febrile encephalitis and respi-
ratory illness among workers exposed to pigs in Malaysia and Singa-
pore. (The pigs were believed to have consumed partially eaten fruit 
discarded by bats.)

The causative agent was determined to be closely related to 
Hendra virus and was later named for the Malaysian village of 
Kampung Sungai Nipah. The 2 viruses were combined into the ge-
nus Henipavirus, in the family Paramyxoviridae. Three additional spe-
cies of Henipavirus—Cedar virus, Ghanaian bat virus, and Mojiang 
virus—have since been described, but none is known to cause hu-
man disease. Outbreaks of Nipah virus occur almost annually in In-
dia and Bangladesh, but Pteropus bats can be found throughout the 
tropics and subtropics, and henipaviruses have been isolated from 
them in Central and South America, Asia, Oceania, and East Africa.

Sources: 
  1.	 Centers for Disease Control and Prevention. Outbreak of Hendra-like  

virus—Malaysia and Singapore, 1998–1999. MMWR Morb Mortal Wkly 
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  2.	 Selvey  LA, Wells  RM, McCormack  JG, Ansford  AJ, Murray  K, Rog-
ers  RJ,  et al. Infection of humans and horses by a newly described 
morbillivirus.  Med J Aust. 1995;162:642–5.


