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Bifidobacterium longum and microbiome maturation modify a
nutrient intervention for stunting in Zimbabwean infants
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Summary eBioMedicine
Background Small-quantity lipid-based nutrient supplements (SQ-LNS), which has been widely tested to reduce child 2024;108: 105362
stunting, has largely modest effects to date, but the mechanisms underlying these modest effects are unclear. Child ~ PvPlished Online o
stunting is a longstanding indicator of chronic undernutrition and it remains a prevalent public health problem. The ?;Tg// /:;'(‘):92/ 324
infant gut microbiome may be a key contributor to stunting; and mother and infant fucosyltransferase (FUT) 1053 6Jz T
phenotypes are important determinants of infant microbiome composition.

Methods We investigated whether mother-infant FUT status (n = 792) and infant gut microbiome composition
(n = 354 fecal specimens from 172 infants) modified the impact of an infant and young child feeding (IYCF)
intervention, that included SQ-LNS, on stunting at age 18 months in secondary analysis of a randomized trial in
rural Zimbabwe.

Findings We found that the impact of the IYCF intervention on stunting was modified by: (i) mother-infant
FUT2+/FUT3- phenotype (difference-in-differences -32.6% [95% CI: —55.3%, —9.9%)); (ii) changes in species
composition that reflected microbiome maturation (difference-in-differences —68.1% [95% CI: —99.0%, —28.5%);
and (iii) greater relative abundance of B. longum (differences-in-differences 49.1% [95% CI: 26.6%, 73.6%)]). The
dominant strains of B. longum when the intervention started were most similar to the proficient milk
oligosaccharide utilizer subspecies infantis, which decreased with infant age and differed by mother-infant
FUT2+/FUT3- phenotypes.

Interpretation These findings indicate that a persistently “younger” microbiome at initiation of the intervention
reduced its benefits on stunting in areas with a high prevalence of growth restriction.
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Articles

Research in context

Evidence before this study

Chronic child undernutrition, as indicated by stunted linear
growth, remains an important global health challenge in low-
and middle-income countries that poses life-long economic
and health-related consequences. Small-quantity lipid-based
nutrient supplements (SQ-LNS) to improve infant and young
child feeding (IYCF) have been tested in a variety of contexts
to improve chronic child undernutrition, but effects on
stunting have been modest. Reasons for the modest impact
of interventions that include SQ-LNS are unclear, but are
important to understand in order to develop more effective
strategies. The gut microbiome plays an important role in
infant health and development; and in infancy, human milk
oligosaccharide composition (HMO) and infant gut glycan
expression are key determinants of gut microbiome
composition. Animal models suggest that infant gut
microbiome composition modifies the effect of diet and
nutrient supplements on undernutrition phenotypes.
However, studies that investigate the effect of the gut
microbiome on SQ-LNS efficacy in human infants are lacking,
and the determinants of microbiome features that can modify
the efficacy of SQ-LNS are unknown.

Added value of this study

We used shotgun metagenomics performed on infant fecal
specimens collected longitudinally from 1 to 18 months of
age to investigate whether mother and infant
fucosyltransferase phenotypes, which determine HMO
composition and infant gut glycan expression, and infant gut
microbiome composition modified the impact of a IYCF
intervention, that included SQ-LNS, on stunting at age 18
months in the Sanitation, Hygiene, Infant Nutrition Efficacy
trial in rural Zimbabwe. We found that the impact of the IYCF
intervention on stunting was reduced by paired
fucosyltransferase 2 and 3 phenotypes between mothers and
their infants, delayed microbiome age, and greater
Bifidobacterium longum relative abundance when the IYCF
intervention started. The predominant B. longum strains at

Introduction

Globally, 21% of children under 5 years of age
(149 million) are stunted,' defined as deficits in linear
growth.” Stunting is an indicator of chronic undernutri-
tion that largely accrues from conception to 24 months of
age,** and is associated with reductions in child survival,
neurodevelopment, educational attainment, and adult
economic  productivity.’  Small-quantity  lipid-based
nutrient supplements (SQ-LNS) is a broadly tested inter-
vention to improve infant and young child feeding (IYCF)
to reduce chronic undernutrition, starting at 6-months
(mo) of age, which is the recommended time for intro-
duction of complementary foods. Randomized controlled
trials (RCT) of interventions that involve SQ-LNS provi-
sion to infants have shown small reductions in stunting

that time were most similar to subspecies infantis, which is
highly specialized to breast milk and utilization of HMOs.
Paired fucosyltransferase 2 and 3 phenotypes between
mothers and their infants predicted both B. longum relative
abundance and detection of subspecies infantis strains over
time. This is the first study to identify features of the gut
microbiome that modify the effect of an intervention that
includes SQ-LNS, to improve IYCF, on chronic undernutrition
in infants, and to identify biological determinants of those
features.

Implications of all the available evidence

Lower microbiota maturation is a characteristic of severe
acute malnutrition. Nutrient supplements, such as ready-to-
use therapeutic food, only transiently improve microbiome
age. Other nutrient supplement formulations that are
designed to improve microbiome age by promoting the
growth of weaning-phase taxa, termed microbiota-directed
complementary food (MDCF), have a modest impact on acute
undernutrition in infants and children in the short-term, but
may require greater duration of intervention to bolster these
effects, and have no impact on chronic undernutrition to
date. Furthermore, long-term maturation of the infant
microbiome by MDCF has not yet been reported.
Interventions that include existing SQ-LNS formulations can
be made more effective at reducing chronic undernutrition if
started when the infant gut microbiome is adequately
mature. Thus, pairing interventions to promote optimal
maturation of the infant gut microbiome with SQ-LNS at the
time when complementary feeding starts may be a more
effective strategy to reduce infant stunting in LMIGs.
Elucidating the biological drivers of appropriate maturation,
such as variations in maternal HMOs and infant gut glycans,
will inform development of such next generation
interventions that harness HMOs and infant gut glycans to
boost the efficacy of interventions that include SQ-LNS on
stunting.

(12% relative reduction), but effects have varied.® Evi-
dence to support other nutrition interventions is also
limited.” Elucidating the reasons for the limited impact is
crucial to the development of more effective strategies.
The human microbiome has been shown to impact
infant health,® and studies suggest a role of the intestinal
microbiome in child nutritional status, particularly acute
undernutrition as indicated by ponderal (weight) growth.’
In early infancy, the gut microbiome is influenced pri-
marily by breastfeeding, with differences persisting
beyond age 6 mo." Breastfeeding-associated differences
are partly driven by differences in human milk oligo-
saccharide (HMO) composition, which are metabolized
by specific commensal bacteria, in particular, Bifido-
bacterium, and thereby influence bacterial growth and
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activity."'? Bifidobacterium longum subspecies infantis, for
example, is adapted to utilize a large variety of HMOs.'""?
HMOs, in combination with commensal gut bacteria,
have also been shown to improve ponderal growth in
animal models of acute undernutrition."

Active maternal a-1,2-fucosyltransferase (FUT2) and
a-1,3-fucosyltransferase (FUT3) genes are key de-
terminants of HMO composition'*'® and of host glycan
production more broadly.””'® Individuals with at least
one functional FUT2 or FUTS3 allele produce fucosylated
histo-blood group antigens (HBGA) and HMOs; by
contrast, individuals lacking two functional alleles do
not.” FUT2 and FUT3 phenotypes, thereby, drive inter-
individual HBGA and HMO diversity (Figure S1)."* As
such, in addition to the impact of maternal FUT2/FUT3
status on the infant gut microbiome via their influence
on HMO composition, host FUT2/FUT3 phenotypes
also determine tissue surface HBGA expression in the
gut, which may also affect the microbiome through the
availability of host glycans, fucose, and sialic acid, as
sources of carbon for gut bacteria, and through
competition for adhesion sites.””*

There is growing interest in the moderating effect of
the gut microbiome on nutritional interventions. The
impact of dietary interventions for weight reduction is
modified up to 4-fold by microbiota composition in
RCTs.#? In observational studies, microbiome compo-
sition also modified the association between diet and
biomarkers of metabolic syndrome by up to 2-fold.” In
addition, a synergistic effect of microbiome composition
and diet on undernutrition phenotypes was demon-
strated using animal models.>*

Here we aimed to determine the effect of the infant
gut microbiome on efficacy of an IYCF intervention that
included SQ-LNS to improve indicators of chronic un-
dernutrition at age 18 mo, specifically stunting (primary
outcome) and length-for-age z-score (LAZ) (secondary
outcome). We hypothesized that the efficacy of IYCF,
when started at age 6 mo, on these outcomes is modi-
fied by mother and infant FUT2/FUT3 phenotype, as
drivers of variation in gut microbiome composition, and
by the infant gut microbiome. We tested this hypothesis
using data from HIV-unexposed infants enrolled in the
Sanitation Hygiene Infant Nutrition Efficacy (SHINE)
trial conducted in rural Zimbabwe, in which the IYCF
intervention reduced stunting by 20% and increased
LAZ by 0.16 standard deviations at age 18 mo.*

Methods

Ethics

All SHINE mothers provided written informed consent.
The Medical Research Council of Zimbabwe (MRCZ/A/
1675), Johns Hopkins Bloomberg School of Public
Health (JHU IRB #4205), and the University of British
Columbia Ethics Board (H15-03074) approved the study
protocol, including the microbiome analyses.
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Study design

The SHINE trial (NCT01824940) was a 2 x 2 factorial
cluster-randomized trial that enrolled 5280 pregnant
women to test the impact of improved household water
quality, sanitation, and hygiene (WASH) and improved
infant and young child feeding (IYCF) via provision of
SQ-LNS to the infant from age 6 mo to 18 mo, on linear
growth and anemia at age 18 mo in rural Zimbabwe. A
detailed description of the SHINE trial design and
methods has been published.”” A subset of mother-
infant pairs was invited to join a substudy to collect
additional biological specimens at 1, 3, 6, 12 and 18
months of infant age. The analyses presented here uti-
lize data and specimens from HIV-uninfected mothers
and their infants enrolled in the specimen collection
substudy.

The fecal microbiome was characterized in 354
specimens collected from 172 HIV-unexposed infants
from 1 to 18 mo of age. Specimen selection criteria have
been previously reported* (Supplementary methods).
Species composition was determined using Meta-
PhlAn3.0*" and details have been previously reported.*
UniProt gene family profiles were generated for domi-
nant B. longum strains in 218 SHINE metagenomes,
from 136 infants, with sufficient coverage of B. longum
for pangenome analysis (Figure S2), and for
118 B. longum reference strains using PanPhlan3.0.”' To
facilitate interpretation of UniProt gene family profiles,
biological pathways were identified in each strain using
MinPath with default settings®? and the MetaCyc
database.*

Assessment of FUT2 and FUT3 status

Saliva samples were collected by oral swab from
mothers and infants to assess FUT2/FUTS3 status using
a previously reported phenotyping assay.* To more
precisely reflect the potential for joint activity of these
enzymes in HBGA and HMO production (Figure S1),
we defined FUT2/FUT3 phenotype combinations as
FUT2+/FUT3+ (Lewis-positive secretors), FUT2+/
FUT3- (Lewis-null secretors), or FUT2—/FUT3+ (Lewis-
positive non-secretors) (Table S2). In order to determine
the impact of concordance in maternal and infant
HBGA on efficacy of the IYCF intervention, we further
defined paired mother-infant phenotypes using the
combinations of maternal and infant FUT2/FUT3 phe-
notypes presented in Table S3. Each paired mother-
infant phenotype was classified as both (if mother and
infant shared the same phenotype), none (if neither had
the phenotype), infant only (if the infant had the
phenotype but the mother did not) or mother only (if the
infant did not have the phenotype but the mother did).

Statistics

B-diversity analyses

To explore sources of variation in microbiome compo-
sition and derive interpretable measures of microbiome


http://www.thelancet.com

Articles

species turnover, we identified infant characteristics that
explain species p-diversity using constrained principal
coordinates analysis (PCoA) of Bray—Curtis dissimilar-
ities (capscale)* between 348 metagenomes from 170
infants with available data on characteristics of interest.
Characteristics of interest included factors that are
known to be correlated with microbiome composition
(infant age, sex, EBF at 3mo, minimum dietary diversity,
maternal and infant FUT2/FUT3 phenotype). Statistical
significance was tested by PERMANOVA of distance
matrices with 1000 permutations (adonis2).** We then
developed a final multivariable constrained PCoA model
that included covariates which explained a significant
fraction of the variance in microbiome composition
(p < 0.05), as well as mother-infant FUT2/FUT3 phe-
notypes given our a priori hypothesis that mother and
infant fucosyltransferase phenotypes modify efficacy of
the IYCF intervention by impacting infant microbiome
composition. We derived four PCoA axis scores from
this final multivariable model which represented
changes in microbiome composition (species turnover)
along gradients defined by each infant characteristic
included in the full model.

Biological interaction analyses

First, we assessed interaction between randomization to
the IYCF intervention and mother-infant FUT2/FUT3
phenotype on the difference scale using multivariable
regression. The difference scale is appropriate for sta-
tistical estimation of synergistic biological effects,’”” and
controlling the false discovery rate.®® The primary
outcome was stunting at 18mo. We used generalized
linear models (glm) with a Gaussian distribution, an
identity link, and sandwich standard errors (sandwich)®
of the following form

P[ Stuntedigmo visit] = Bo + 1 x FUT2/FUT 3,05
+ By x FUT2/FUT3 4ty infans + B3 X FUT2/FUT 3001y mother
+ B4 X IYCF + s x (IYCF x FUT2/FUT301.)
+ Bex (IYCF x FUT2/FUT 3 nfunt only)
+ B7 x (IYCF x FUT2/FUT 3 other only)

+ fg x Infant Sex + fo x Infant Agesmo visit
+ ﬂlO X LAZ 6o visit
+ p1 x infant met minimum dietary diversity

Models included terms for the interaction between
IYCF and paired mother-infant FUT2/FUT3 status, us-
ing dummy variables for the previously described none,
only infant, and only mother phenotypes with the both
phenotype as the referent. Models also included alloca-
tion to the IYCF intervention, infant sex, paired mother-
infant FUT2/FUT3 status, infant age at specimen
collection, LAZ at specimen collection, and an indicator
of whether infants met minimum dietary diversity. We
did not include WASH arm because, in prior analyses,

the SHINE WASH intervention did not affect stunting
or LAZ at 18 mo® nor infant gut microbiome compo-
sition.”® Since the IYCF intervention was started at the 6
mo follow-up visit, our interaction models used covari-
ate data from that visit. Models included 610 infants
with FUT2/FUT3 assessed in both infants and their
mother and available covariate data (Figure S2). We
fitted a separate model for each paired mother-infant
FUT2/FUT3 phenotype (FUT2+/FUT3+, FUT2+/
FUT3-, or FUT2-FUT3+). Interaction term coefficients
are directly interpreted as the difference (increase or
decrease) in the effect of the IYCF intervention on
stunting at 18 mo when comparing each FUT2/FUT3
phenotype subgroup to the referent subgroup.

Next, we assessed modification of the IYCF inter-
vention by microbiome composition using multivariable
regression, as in the previous section, with a term for
the interaction between allocation to the IYCF inter-
vention and PCoA axis scores derived from our final
multivariable constrained PCoA model. Models were
restricted to 53 infants who had a fecal specimen
collected at the 6 mo follow-up visit when the IYCF
intervention started (Figure S2). Likewise, while our
final constrained PCoA model used all sequenced
specimens collected during follow-up, we used the
derived PCoA axis scores corresponding to the 6 mo
visit in our interaction models. Models included cova-
riates as described above. Models were of the following
form

P[ Stuntedigmo visit]| = o + 1 X PCoA score + f, x IYCF
+ 3 x (IYCF x PCoA score) + f, x Infant Sex

+ ﬂS X Infant Age()mo visit + ﬂ(, X LAZGma visit
+ f¢ x infant met minimum dietary diversity

PCoA axis scores were modelled as continuous var-
iables to avoid estimating interaction effects within
sparse subgroups in this smaller subset of infants. We
fitted a separate interaction model for each PCoA axis
score. p-values were adjusted for multiple hypothesis
testing to preserve the false discovery rate (FDR).*
Interaction term coefficients are directly interpreted as
the change (increase or decrease) in the effect of the
IYCF intervention on stunting at 18mo per one unit
increase in PCoA axis score.

To determine if differences in the relative abundances
of specific microbiome species that characterized the
constrained PCoA axes were also associated with signif-
icant effect modification of the IYCF intervention, we
fitted multivariable regression models that included
[YCEF-by-species relative abundance interaction terms and
prespecified covariates as described in the previous
paragraph. Models were also restricted to 53 infants who
had a fecal specimen collected at the 6mo follow-up visit
when the intervention started (Figure S2). We winsorized
the relative abundance of B. pseudocatenulatum at the
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90th percentile to minimize the effect of influential out-
liers on estimation of regression coefficients.”" Relative
abundances were centered and scaled to standard devia-
tion units, and were modelled as continuous variables to
avoid estimating interaction effects within sparse sub-
groups in this smaller subset of infants. We fitted a
separate model for each microbiome species of interest,
defined as those strongly associated with PCoA axis 1 to 4
scores (loadings >0.5 or < —0.5) (Figures S4-S7). Inter-
action term coefficients are directly interpreted as the
change (increase or decrease) in the effect of the IYCF
intervention on stunting at 18 mo per one standard de-
viation increase in species relative abundance.

Analyses were repeated with LAZ at the 18 mo visit
(secondary outcome) as the dependent variable.

Identification and analysis of Bifidobacterium longum strain
clusters
B. longum strain profiles produced with PanPhlan3.0,
which indicate whether UniProt gene families are pre-
sent in a strain,” were converted to Jaccard dissimilarity
matrices and visualized by PCoA to ascertain the exis-
tence of strain clusters (capscale).”” Three clusters were
identified. To determine strain cluster membership, we
performed hierarchical clustering of Jaccard dissimi-
larities with Ward’s error sum of squares algorithm
(helust)* and cut the cluster dendrogram at a height to
obtain three clusters. These analyses were applied to 218
SHINE and 118 reference B. longum pangenomes.
Differences in UniProt gene family profiles between
B. longum strain clusters were determined by two-sided
Fisher’s Exact test (fisher.test), with adjustment for
multiple hypothesis testing to preserve the FDR,* and
were visualized using heatmaps (heatmap3). 3260 Uni-
Prot gene families were differentially present between
strain clusters after FDR-adjustment. We performed
overrepresentation analyses” using one-sided Fisher’s
Exact tests to determine whether the differentially pre-
sent gene families were more likely to function as
particular CAZymes,* transporters,” or in specific GO
biological processes.® These analyses were repeated
using the biological pathways determined with Min-
Path.’” 115 pathways were differentially present between
strain clusters after FDR-adjustment. We performed
overrepresentation analyses of these pathways to deter-
mine whether they were more likely to have particular
biological functions defined by MetaCyc pathway types.**
These analyses were applied to 218 SHINE B. longum
pangenomes to make inferences about differences in
metabolic potential between SHINE strains (Figure S2).

Predictors of Bifidobacterium relative abundance and strain
detection

Predictors of longitudinal B. longum relative abundance
were assessed using mixed-effects zero-inflated beta
regression estimated by restricted maximum likelihood
(gamlss).” The model included infant age at specimen

www.thelancet.com Vol 108 October, 2024

collection, sex, exclusive breastfeeding (EBF) status at
3mo of infant age, an indicator of whether infants’ diet
met minimum dietary diversity, and mother-infant
FUT2/FUT3 phenotypes, with random intercepts (re)
and a first order autocorrelation structure (corCARI).
Models included 225 specimens from 87 infants who
had more than one specimen collected and covariate
data (Figure S2).

Predictors of longitudinal B. longum strain cluster
were assessed by logistic regression (glm) using an in-
dicator of strain cluster presence as the dependent var-
iable, with the same covariates, and sandwich standard
errors. We fitted a separate model for each cluster. Bias
corrected* logistic regression was used to facilitate sta-
ble parameter estimation due to separation resulting
from the small sample size.” Models included 133
specimens from 70 infants who had more than one
specimen collected and pangenome strain cluster data
(Figure S2).

All statistical analyses were conducted in R version
4.2.0.

Role of funders

The funders of this study had no role in data collection,
analysis, or interpretation, trial design, patient recruit-
ment, writing of this report or any aspect pertinent to
the study.

Results

Mother-infant FUT2+/FUT3- phenotype
discordance modifies the effect of IYCF on stunting
at 18 mo

Overall FUT2 and FUT3 phenotype frequencies among
mothers and infants are described in Table S2 and the
Supplementary methods. To determine the impact of
maternal and infant HBGA phenotypes on efficacy of
the IYCF intervention, we investigated whether
concordance in FUT2/FUT3 phenotypes between pairs
of infants and their mothers modified the effect of the
IYCF intervention on stunting or LAZ at 18 mo using
multivariable regression. We defined these paired
mother-infant phenotypes as both (if mother and infant
shared the same phenotype), none (if neither had the
phenotype), infant only (if the infant had the phenotype
but the mother did not) or mother only (if the infant did
not have the phenotype but the mother did) (Table S3).
Amongst infants who were randomized to the IYCF
intervention, those who were in the wmother only
FUT2+/FUT3- group (13.5%) had a 33.6% (95%
CI: -55.3%, —9.9%) decreased prevalence of stunting
than infants in the both FUT2+/FUT3- group (11.1%)
(Table 1). The infant only (11.1%) and none (64.3%)
FUT2+/FUT3- groups, and other mother-infant FUT2/
FUTS3 phenotype combinations, did not show evidence
of effect modification (Table S5), and there was no evi-
dence of effect modification on LAZ after adjustment
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Main effects IYCF-by-FUT2 and FUT3 phenotype combination interaction effects
PD (95% Cl) p-value Adjusted p-value® Prevalence difference-in-differences (95% Cl) p-value Adjusted p-value®
Both FUT2+/FUT3- ref ref ref ref ref ref
None FUT2+/FUT3- 12.9% (0.6%, 25.2%) 0.041 0.122 -21.5% (-41.9%, -1.0%) 0.039 0.118
Infant only FUT2+/FUT3- 15.2% (-2.6%, 33.0%) 0.094 0.283 -21.1% (-48.2%, 6.0%) 0.127 0.191
Mom only FUT2+/FUT3- 28.9% (13.6%, 44.3%) <0.001 0.001 -32.6% (-55.3%, -9.9%) 0.005 0.015
IYCF 16.5% (-1.8%, 34.8%) 0.077 0.177

PD, prevalence difference (in percentage points); 95% Cl, 95% confidence interval; IYCF, infant and young child feeding. *Covariates include birthweight, infant sex, age at the 6 mo visit, infant LAZ at the 6
mo visit, infant diet diversity score at the 6 mo visit, and mother-infant Lewis-null secretor phenotype discordance coded as both, none, infant only or mother only. N's are reported in Table S4. "PAdjusted

for multiple hypothesis testing by the Benjamini-Hochberg method.

Table 1: Multivariable regression model® to estimate modification of IYCF on stunting at 18 mo by mother-infant FUT2+/FUT3- phenotype among 610 infants in whom mother

and infant FUT2 and FUT3 status was ascertained.

for multiple testing (Table S6). Overall, our results
indicate that discordance between mothers and infants
in FUT2+/FUT3- phenotype, whereby mothers had the
phenotype and infants did not, was associated with
increased efficacy of IYCF to reduce stunting.

Infant gut microbiome composition modifies the
effect of IYCF on stunting at 18 mo

Given our finding that infants whose mothers were
FUT2+/FUT3-, while the infant was not, had greater
reductions in stunting prevalence by the IYCF inter-
vention; and considering the potential importance of
FUT2/FUT3 phenotypes on early infant microbiome

composition via variation in maternal HMO
n/N® PD (95% Cl) p-value Adjusted
p-value®
PCoA Axis 1
IYCF 17/53 -49.7% (-99.0%, -14.2%) 0.006 0.029
pPC1 22.8% (-99.0%, 46.6%) 0.061 0.158
PC1-by-IYCF® -68.1% (~99.0%, ~28.5%) 0.001 0.003
PCoA Axis 2
IYCF 17/53 -19.2% (-99.0%, 4.4%) 0.111 0.242
PC2 -5.9% (-99.0%, -0.7%) 0.026 0.089
PC2-by-IYCF 13.3% (6.4%, 20.3%) <0.001 0.001
PCoA Axis 3
IYCF 17/53 2.1% (-99.0%, 30.1%) 0.882 0.921
PCG3 3.2% (-99.0%, 8.5%) 0.224 0.316
PC3-by-IYCF* -8.7% (-99.0%, -2.0%) 0.011 0.022
PCoA Axis 4
IYCF 17/53 -3.5% (-99.0%, 23.0%) 0.794 0.908
PC4 0.3% (-99.0%, 6.0%) 0.923 0.923
PC4-by-IVCF? 5.8% (-99.0%, 13.4%) 0131 0174
PD, prevalence difference (in percentage points); 95% Cl, 95% confidence interval; IYCF, infant and young child
feeding. “Covariates include birthweight, infant sex, age at the 6 mo visit, infant LAZ at the 6 mo visit, infant
diet diversity score at the 6 mo visit, and mother-infant Lewis-null secretor phenotype discordance coded as
both, none, infant only or mother only. PNumber stunted/Total N included in the model. PCoA axis scores are
modelled as continuous variables. “Adjusted for multiple hypothesis testing by the Benjamini-Hochberg
method. %Prevalence difference-in-differences per 1 unit increase in PCoA axis score.
Table 2: Multivariable regression models® to estimate modification of IYCF on stunting at 18 mo by
infant gut microbiome species turnover in 53 infants in whom fecal specimens were available at the
6-month follow-up visit and stunting status was ascertained at the 18-month follow-up visit.

composition and infant gut HBGA expression, we next
investigated whether microbiome species composition
showed evidence for modification of the IYCF inter-
vention. Species composition was quantified using the
four PCoA axis scores derived from our final con-
strained multivariable PCoA model, which represented
variation in microbiome composition due to infant age
and none, infant only, or mother only FUT2+/FUT3-
phenotype compared to both. PCoA axis 1 and 2 scores
showed evidence of interaction with the IYCF inter-
vention on stunting at 18 mo (Table 2), but not LAZ
(Table S8). As described in more detail in the next sec-
tion, greater axis 1 scores represented species turnover
with increasing infant age (Figure S3), thus reflecting
microbiome maturation; while greater axis 2 scores
represented differences in species composition associ-
ated with mother-infant FUT2+/FUT3- phenotypes
(Figure S3). Amongst infants randomized to the IYCF
intervention, each one unit increase in PCoA axis 1
scores at age 6mo was associated with 68.1% (95%
CL: -99.0%, -28.5%, adjusted p = 0.003) decreased
prevalence of stunting at 18 mo (Table 2). In contrast,
amongst infants randomized to the IYCF intervention,
each one unit increase in PCoA axis 2 scores was
associated with 13.3% (95% CI: 6.4%, 20.3%, adjusted
p = 0.001) increased prevalence of stunting at 18 mo
(Table 2). Taken together, our findings showed that in-
fant age-related microbiome species maturation was
associated with greater reduction in stunting at 18mo by
the IYCF intervention; while microbiome species
composition related to mother-infant FUT2+/FUT3-
phenotype was associated with lesser reduction in
stunting, suggesting variation in microbiome composi-
tion due to these infant characteristics is an important
determinant of the intervention’s efficacy to reduce
stunting.

Age and mother-infant FUT2+/FUT3- phenotype
explain shifts in microbiome composition and

B. longum

To investigate sources of variation in infant intestinal
microbiome composition and derive interpretable
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measures of species turnover for use in our regression
models (see previous section), we performed p-diversity
analyses using PCoA constrained by infant characteristics
known to be associated with microbiome composition.
Infant age at stool collection explained 12.6% (p = 0.001)
of the variability in microbiome composition (Table S9).
Notably, EBF at 3mo was not significantly associated with
microbiome composition (variance explained = 0.5%,
p = 0.483) (Table S9). However, 93.2% of mothers re-
ported exclusive breastfeeding (Table S1). Thus, there
may not have been sufficient variability in infant breast-
feeding practices in this cohort to identify EBF-associated
differences between infant microbiomes. Also, inclusion
of specimens collected throughout the 1-18 mo follow-up
period in our PCoA models may have obscured associa-
tions with EBF, since EBF is only recommended up to
age 6 mo.

We then fitted a multivariable constrained PCoA
model that included both infant age at collection and
mother-infant FUT2+/FUT3- phenotype. We retained
the latter variable to capture variation in microbiota
composition associated with mother-infant FUT2+/
FUT3-status after controlling for infant age, because of
our a priori aim to investigate whether microbiome
variation due to mother-infant FUT2/FUT3 phenotype
was a modifier of the IYCF intervention, and our finding
that the mother only FUT2+/FUT3- group was associ-
ated with a modified intervention effect. In the full
model, age explained 12.8% (p = 0.001) and mother-
infant FUT2+/FUT3- phenotype explained 0.81%
(p = 0.323) of the variation in microbiome composition
(Table S9), indicating that infant age was the main
driver of microbiome-wide changes in species
composition.

Age-related maturation in species composition dur-
ing the 1-18 mo postpartum period was characterized
by decreased relative abundance of B. longum, and
increased relative abundance of Dorea longicatena, Dorea
formicigenerans, Prevotella copri, and Faecalibacterium
prausnitzii (Figure S4). Mother-infant FUT2+/FUT3—-
discordance was characterized by increased relative
abundance of B. longum in the none and infant only
groups (Figures S5-S7). Thus axis 1 reflected infant
microbiome species maturation characterized by a lon-
gitudinal shift away from dominance by B. longum to
species more characteristic of older infants. While axis 2
reflected variability in species composition associated
with mother-infant FUT2+/FUT3-phenotype that was
characterized by higher B. longum abundance in infants
with higher axis 2 scores.

B. longum relative abundance modifies the effect of
the IYCF intervention on stunting at 18 mo

We used multivariable regression to determine if dif-
ferences in the relative abundances of specific micro-
biome species that characterized the constrained PCoA
axes were also associated with significant effect
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modification of the IYCF intervention. Amongst infants
randomized to the intervention, a one standard devia-
tion increase in B. longum relative abundance when the
intervention started was associated with 49.1% (95% CI:
24.6%, 73.6%, adjusted p = 0.002) greater prevalence of
stunting at age 18 mo (Table 3) and with smaller LAZ
(differences-in-differences —0.86 (95% CI: —1.20, —-0.52,
adjusted p < 0.001) (Table S10). No other species—level
interactions with the IYCF intervention were identified
(Table 3 and Table S10). Overall, our findings indicate
that greater relative abundance of B. longum at initiation
of the IYCF intervention was associated with less effi-
cacy of the intervention to reduce stunting and increase
LAZ at age 18 mo.

Mother only FUT2+/FUT3- phenotype or lower
B. longum relative abundance prevented worse
faltering
To investigate whether these reductions in the efficacy
of the IYCF intervention were due to differences in
linear growth restriction or growth velocity, we plotted
(i) LAZ growth trajectories and (ii) LAZ velocities from 6
to 18 mo of age (sd/mo), by both randomization to the
IYCF intervention and paired mother-infant FUT2+/
FUT3- phenotype. Infants in the mother only group
randomized to IYCF, who benefitted more from the
IYCF intervention in our interaction models, had a less
steep decline in LAZ on average compared to infants
randomized to no IYCF (Fig. 1). In addition, although
all groups of infants had negative 6-18 mo velocities on
average, infants in the mother only group who were
randomized to IYCF had higher velocity (-0.02 sd/mo,
95% CI: —0.05, 0.00) compared to those in the no IYCF
group (-0.08 sd/mo, 95% CI: —-0.11, —0.05) (Fig. 1).

We repeated these analyses to compare LAZ trajec-
tories and velocities by both IYCF arm and B. longum
relative abundance at the 6mo visit. B. longum relative
abundance was included in our regression models as a
continuous variable, but to facilitate visualization we
stratified LAZ trajectories and velocities above or below
the median B. longum relative abundance. Among in-
fants below the median, those who were randomized to
no IYCF had declining growth trajectories on average,
while infants randomized to the IYCF intervention did
not (Fig. 2). Furthermore, among infants below the
median, the mean 6-18 mo velocity was negative in both
intervention arms, but trended toward being higher in
the group randomized to the IYCF intervention (-0.02
sd/mo, 95% CI: -0.07, 0.03) compared to those ran-
domized to mno IYCF (-0.08 sd/mo 95%
CI: -0.12, —0.05); however, the 95% CIs overlapped. In
contrast, among infants above the median relative
abundance, both intervention arms had declining
growth trajectories (Fig. 2) with similar negative average
velocities (Fig. 2).

Overall, these results indicate that infants in the
mother only FUT2+/FUT3- group and infants with lower
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n/N®  PD (95% Cl) p-value  Adjusted
p-value®
Bifidobacterium longum
IYCF 17/53 -21.7% (-46.9%, 3.5%) 0.092 0.482
B.longum -24.0% (-43.3%, -4.8%) 0.015 0.097
B.longum-by-IYCF* 49.1% (24.6%, 73.6%) <0.001  0.002
Bifidobacterium
pseudocatenulatum
IYCF 17/53  -21.9% (-49.5%, 6.0%) 0.12 0.503
B.pseudocatenulatum 37.5% (9.7%, 65.2%) 0.008 0.082
B.pseudocatenulatum-by-IYCF** -47.8% (-75.7%, -20.0%) 0.001 0.005
Escherichia coli
IYCF 17/53 -1.9% (-29.1%, 25.3%) 0.889 0.966
E.coli 0.3% (-11.7%, 12.3%) 0.961 0.985
E.coli-by-IYCF® -8.3% (-22.6%, 5.9%) 0253 0716
Dorea longicatena
IYCF 17/53  -4.1% (-31.0%, 22.8%) 0766  0.966
D.longicatena -0.1% (-10.6%, 10.4%) 0.985 0.985
D.longicatena-by-IYCFd 5.0% (-32.0%, 42.0%) 0.791 0.890
Dorea formicigenerans
IYCF 17/53 -17.5% (-35.9%, 0.9%) 0.062 0.434
D.formicigenerans -17.1% (-33.0%, -1.2%) 0.035 0.174
D.formio:igenerans-by-IYCFd -33.6% (-79.1%, 11.8%) 0.147 0.528
PD, prevalence difference (in percentage points); 95% Cl, 95% confidence interval; IYCF, infant and young child
feeding. *Covariates include birthweight, infant sex, age at the 6 mo visit, infant LAZ at the 6 mo visit, infant
diet diversity score at the 6mo visit, and mother-infant Lewis-null secretor phenotype discordance coded as
both, none, infant only or mother only. "Number stunted/Total N included in the model. Species relative
abundances are centered and scaled to standard deviations and modelled as continuous variables. “Adjusted for
multiple hypothesis testing by the Benjamini-Hochberg method. “Prevalence difference-in-differences per 1 SD
increase in relative abundance. “Winsorized to the 90th percentile prior to centering and scaling.
Table 3: Multivariable regression models® to estimate modification of IYCF on stunting at 18 mo
by infant gut microbiome species in 53 infants in whom fecal specimens were available at the 6-
month follow-up visit and stunting status was ascertained at the 18-month follow-up visit.

B. longum relative abundance at 6 mo were spared from
more severe LAZ declines when provided with the IYCF
intervention, which contributed to a lower probability of
stunting at 18 mo despite some degree of growth
faltering in each group.

B. longum strains most similar to subspecies infantis
dominate the early infant gut microbiome

Next, we aimed to identify whether infants carried
different strains of B. longum using a pangenome
approach. To assess similarities between SHINE
B. longum strains and previously characterized subspe-
cies, we included the 118 reference strains provided
with PanPhlan3.0. We performed PCoA using Jaccard
dissimilarities between gene family profiles and identi-
fied three clusters of B. longum strains by visualization
of ordination plots (Fig. 3 and Figure S8). We, therefore,
performed hierarchical clustering of these Jaccard dis-
similarities to place strains into three distinct clusters
(Figure S8). Subspecies infantis reference strains
(15 strains) predominantly grouped with the largest
cluster (hereafter called the B. infantis cluster) which
included 255 SHINE strains (Fig. 3 and Figure S8).

Subspecies longum reference strains (29 strains) pre-
dominantly grouped with the second largest cluster
(B. longum longum cluster), along with 3 B. infantis, 64
unclassified and 14 SHINE strains. The remaining clus-
ter included two B. suis, one B. longum longum, 4 un-
classified subspecies reference strains and 15 SHINE
strains (B. suis cluster) (Fig. 3 and Figure S8).

Infant microbiomes shift away from a
predominance of B. longum strains in the subspecies
infantis cluster

To investigate predictors of B. longum relative abun-
dance in infants over time, we fitted a longitudinal
multivariable zero-inflated mixed-effects model. Infant
age and mother-infant FUT2+/FUT3- phenotype were
significant predictors of longitudinal B. longum relative
abundance. Each one month increase in age was asso-
ciated with a 0.91-fold decrease (95% CI: 0.90, 0.92) in
B. longum, and the mother only FUT2+/FUT3- group
had the lowest relative abundance of B. longum
throughout follow-up (Figure S11) with a 0.71-fold
decrease in relative abundance (95% CI: 0.59, 0.87)
compared to the both group (Table S11).

Also, to determine predictors of B. longum strain
cluster detection over time, we fitted multivariable lon-
gitudinal logistic regression models. Results were
consistent with predictors of B. longum relative abun-
dance. Each one month increase in age was associated
with a 0.85-fold decreased odds (95% CI: 0.75, 0.96) of
the B. infantis cluster over time (Table S12). At the same
time, the B. suis and B. longum longum clusters increased
with age (Table S12 & Figure S12). Female infants had
8.35-fold increased odds of the B. infantis cluster (95%
CI: 3.17, 21.97); and by FUT2+/FUT3-phenotype, the
infant only group had the highest probability of the
B. infantis cluster throughout follow-up (Figure S13A),
with a 4.66-fold increased odds (95% CI: 1.05, 20.71)
(Table S12). By contrast, the mother only FUT2+/FUT3—
group had low probability of carrying an B. infantis
cluster strain (Figure S13A & Table S12) and the highest
probability of carrying a B. suis cluster strain throughout
follow-up (Figure S13C).

In summary, infant age and mother-infant FUT2+/
FUT3- phenotype were important determinants of both
B. longum relative abundance and strain carriage,
longitudinally. B. longum decreased with over time and
was lowest among infants in the mother only FUT2+/
FUT3- group. The B. infantis cluster, which included
the dominant B. longum strains, also decreased with
over time and were less likely to be detected in the
mother only group.

Strains in the B. longum subspecies infantis cluster
were better adapted for HMO metabolism and
siderophores biosynthesis

To identify differences in metabolic potential between
strain clusters, we used two-sided Fisher’s Exact tests to
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Fig. 1: Infant growth trajectories and velocities by IYCF and mother-infant FUT2+/FUT3-phenotype. (A) LAZ by infant age from 1 to 18 mo
(n = 792), stratified by IYCF (light grey, no IYCF; dark grey, IYCF) and mother-infant FUT2+/FUT3- phenotype. Lines illustrate average tra-
jectories. Shaded areas are 95% confidence bands. (B) Violin plots of LAZ velocity from 6 to 18 mo of age, stratified by IYCF (light grey, no IYCF;
dark grey, IYCF) and mother-infant FUT2+/FUT3- phenotype. Open circles with bars indicate mean LAZ velocity and 95% Cls.

compare UniProt gene family presence between clus-
ters. We then performed overrepresentation analyses®
of differentially frequent gene families by one-sided
Fisher’s Exact test to determine whether they were
more likely to be involved in specific GO biological
processes,* or to function as specific carbohydrate-active
enzymes (CAZymes)* or transporters.” The B. infantis
cluster was more likely to carry gene families involved in
HMO degradation, including genes that function as
CAZyme Glycoside Hydrolase Family 20 (GH20)
(including lacto-N-biosidases), GH29 (fucosidases),
GHY5 (fucosidases), and GH33 (sialidases) (Fig. 4A,
Table S13). Conversely, the other clusters were more
likely to carry gene families involved in degradation of
plant-derived polysaccharides, including GH42 (B-ga-
lactosidases), GH51 (L-arabinfuranosidases) and GH127
(B-L-arabinofuranosidase) (Fig. 4A, Table S13). Similarly,
the B. infantis cluster was more likely to have gene
families that function in oligosaccharide uptake (TCID
3.A.1.1.59), but was less likely to have gene families
involved in uptake of fructose and other sugars (TCID
3.A.1.2.23) (Fig. 4A, Table S13).

We also identified differences between strain clusters
in the frequency of 115 MetaCyc pathways*
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(Figure S10). Pathways that were more common in the
B. infantis cluster were involved in generation of pre-
cursor metabolites and energy, and secondary metabo-
lite Dbiosynthesis (which predominantly included
pathways for biosynthesis of siderophores and antimi-
crobials) (Fig. 4B, Table S13). Conversely, the B. infantis
cluster was less likely to include pathways involved in
glycan metabolism and polymeric compound degrada-
tion (e.g. pectin, xylan, and arabinogalactan degradation
pathways), and in fatty acid and lipid biosynthesis
(Fig. 4B, Table S13).

Overall, infant gut microbiomes were dominated by
B. longum strains that were most similar to B. infantis in
their UniProt gene family profiles. Strains in the
B. infantis cluster had greater capacity for HMO degra-
dation and uptake of oligosaccharides than plant-derived
polysaccharides, as well as greater capacity for side-
rophore and antimicrobial production.

Discussion

In this study of HIV-unexposed infants enrolled in the
SHINE trial in rural Zimbabwe, we tested the hypoth-
esis that mother-infant FUT2/FUT3 phenotype and
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Fig. 2: Infant growth trajectories and velocities by IYCF and infant gut Bifidobacterium longum relative abundance. (A) LAZ by infant age
from 1 to 18 mo (n = 53), stratified by IYCF and Bifidobacterium longum relative abundance (light grey, <median relative abundance; dark grey,
>median relative abundance). Thin lines illustrate individual trajectories. Thick lines show average trajectories. (B) Violin plots of LAZ velocity
from 6 to 18 mo of age, stratified by IYCF (light grey, no IYCF; dark grey, IYCF) and mother-infant FUT2+/FUT3- phenotype. Open circles with

bars indicate mean velocity and 95% Cls.

infant gut microbiome modify the effect of an inter-
vention that included SQ-LNS to improve IYCF, on in-
fant stunting and LAZ at age 18mo. Our goal was to
define mechanisms that explain the rather modest ef-
fects of interventions containing SQ-LNS on chronic
undernutrition, reasoning that maternal-infant HBGA
phenotypes might be important given their combined
role in shaping the early-life microbiome. We found the
following features are associated with greater reduction
in stunting at 18 mo by the IYCF intervention: (i)
discordance in mother-infant FUT2+/FUT3- pheno-
type, where the mother has the phenotype but the infant
does not; (ii) changes in microbiome species composi-
tion that reflected a shift from a B. longum-dominant
microbiome to a microbiome with less B. longum and a
greater abundance of species characteristic of older

infants; and (iii) decreased B. longum abundance that
was associated with paired mother-infant FUT+/FUT3-
status.

The mother only FUT2+/FUT3- group showed evi-
dence of greater reduction in stunting following receipt of
one year of the intervention. The mother only FUT2+/
FUT3- group also had lower relative abundance of
B. longum throughout follow-up. Active maternal FUT2/
FUT3 genes are Lkey determinants of HMO
composition,** and HMO composition among FUT2+/
FUT3- mothers is distinct from FUT2+/FUT3+ and
FUT2- women."*'® Differences in HMO composition in-
fluence growth and activity of Bifidobacterium populations
in the infant gut."" Infant fucosyltransferase phenotype
may also affect gut microbiome composition,”*>**** for
example infant gut Bifidobacterium abundance and
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Fig. 3: Bifidobacterium longum strain clusters. Ordination plots of PCoA of Jaccard dissimilarities between PanPhlan3.0 pangenome profiles of
the dominant Bifidobacterium longum strain in each fecal specimen (N = 284). Three clusters were identifiable. Individual strains are indicated by
small circles. Strains in the same cluster are enclosed by a large ellipse and are differentiated by color (blue, B. infantis; dark green, B. longum
longum; red, B. suis). Filled small circles indicate reference strains (light blue, B. infantis; pink, B. suis, light green, B. longum longum; grey,

unclassified). Open small circles indicate SHINE strains.

diversity differ by infant FUT2/FUT3 phenotype*; and
CAZymes found in B. longum species that function in
HMO degradation (GH29 and GH95) have also been
found to function in host intestinal glycan degradation in
infants.” The evidence, therefore, suggests that the FUT2/
FUTS3 phenotypes of mother and infant, together, can elicit
a strong prebiotic selective pressure, driven by HMO and
infant glycan composition that influences Bifidobacteria
and broader infant gut microbiota composition.

In our PCoA model, infant microbiome species
maturation predominantly reflected decreased abun-
dance of B. longum and increased abundance of
D. longicatena, D. formicigenerans P. copri, and
F. prausnitzii. Delayed gut microbiota maturation has
been reported in children with severe acute
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malnutrition (SAM), while improvements in microbiota
maturity and relative abundance of weaning-phase taxa
have been correlated with improvements in acute un-
dernutrition.”* Our analyses provide evidence that infant
gut microbiome species maturation also increased the
effect of the IYCF intervention on chronic undernutri-
tion (stunting) at 18 mo, while greater relative abun-
dance of B. longum, an age-discriminatory taxon which
is associated with a younger microbiome, reduced the
effect.

Utilization of HMOs by Bifidobacterium varies be-
tween species and strains.” " We identified three clus-
ters of dominant B. longum strains that also varied by
infant age and mother-infant FUT2+/FUT3- phenotype.
The cluster of strains with pangenomes most closely
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clusters. (A) Heatmap of UniProt gene family presence in SHINE Bifidobacterium longum strains (N = 284). Grey indicates UniProt gene family
presence. The horizontal bar at the top indicates strain cluster (blue, B. infantis; dark green, B. longum longum; red, B. suis). Vertical bars from left

www.thelancet.com Vol 108 October, 2024


http://www.thelancet.com

Articles

resembling B. infantis had the highest prevalence in
early infancy. However, from age 6 mo to 18— mo there
was a marked decrease in detection of B. infantis cluster
strains and a corresponding increase in detection of
strains with pangenomes most similar to B. suis, which
had the highest prevalence at 18 mo. Strains most
similar to B. longum longum increased more slowly. This
is consistent with a previous report.”” In that report,
B. infantis was dominant in early infancy but decreased
considerably after age 6 mo, during which period
B. suis/B. suillum strains increased, peaking by age 18
mo. The transitional B. suis/B. suillum clade harbored
functional capacity to degrade both HMOs and dietary
polysaccharides, suggesting it may be an adaptation of
the infant gut microbiome to a period when breast-
feeding co-occurs with introduction of complementary
foods.*” In this work, we show that differences between
mother and infant in FUT2+/FUT3- phenotype likely
play an important role in driving this transition,
whereby, throughout follow-up, the mother only FUT2+/
FUT3- group had a low prevalence of the B. infantis
cluster and the highest prevalence of the B. suis cluster.
B. infantis are particularly well adapted for HMO
utilization.®*** B. longum longum, on the other hand, do
not grow as well on HMO, but utilize diet-derived
polysaccharides.” In our analyses, gene families in the
B. infantis cluster were more likely to be involved in
HMO degradation and uptake. Two CAZyme families
more likely to be carried by the B. infantis cluster
(GH29°° and GH33"") were previously reported as more
prevalent in B. infantis strains. In contrast, in the other
clusters, gene families were more likely to be involved in
uptake of fructose and other simple sugars, including
the sugar transporter 3.A.1.2.23, which was previously
described in a different B. longum subspecies.”
Furthermore, strains in the B. suis and B. longum lon-
gum clusters were more likely to carry pathways for
pectin, xylan, and arabinogalactan degradation.
Pathways in B. infantis cluster strains were also more
likely to be involved in siderophore and antimicrobial
biosynthesis. Heavy metals such as iron and zinc are
essential minerals for nearly all bacteria and their
mammalian hosts. Strategies utilized by bacteria to ac-
quire heavy metals include biosynthesis of low molec-
ular  weight iron-chelating compounds, called
siderophores, to scavenge iron and other essential
metals such as zinc.®® Bifidobacterium species isolated
from iron-deficient children efficiently sequester iron
via siderophore production,”” which may provide a
competitive advantage to Bifidobacteria,” and along with

antimicrobial biosynthesis,” may also help protect the
infant from enteric pathogens that require essential
metals for colonization. However, essential metals such
as iron and zinc are key components in SQ-LNS
formulations,”””* and produce improvements in linear
growth and reductions in stunting.””® These findings
suggest potential mechanisms by which a “younger”
microbiome may constrain the beneficial effects of an
SQ-LNS intervention on infant stunting. However,
siderophore activity varies considerably between Bifi-
dobacterium species and strains, and no research to date
has investigated sequestration of essential metals by
B. infantis strains commonly found in resource-limited
settings. More research is required to fully elucidate
the biological mechanisms and downstream pathways to
stunting that are involved.

Our results are in contrast to a previous RCT that
investigated infant microbiome composition as a mod-
ifier of SQ-LNS impact on linear infant growth in
Malawi.” However, in the primary analyses of that RCT,
there was no effect of SQ-LNS on linear growth.”
Furthermore, SQ-LNS was provided to both mothers
during pregnancy and infants starting at 6 mo post-
partum, active control interventions (iron-folate or
multiple micronutrient supplements) were provided to
mothers’”® and 16S rRNA gene amplification and
sequencing were used to characterize the microbiota
which can affect both taxon detection (including Bifi-
dobacterium) and study results.”” In addition, the
SHINE IYCF intervention also included a behavioral
change intervention which focused on increasing
nutrient density and dietary diversity, the importance of
locally available foods for infant health, and the intro-
duction of SQ-LNS.* However, prior formative work in
Zimbabwe identified low dietary diversity to be the
predominant feeding problem, and we included an in-
dicator in our models of whether infants’ diets met
minimum dietary diversity to control for differences
between infants. Furthermore, in previous work from
SHINE (not yet published) the biggest contributor to
closing nutrient gaps in infants’ diets following the
IYCF intervention was the SQ-LNS component of the
package. Nevertheless, changes in consumption of spe-
cific nutrient-rich foods could potentially contribute to
the effect of the SHINE intervention in addition to SQ-
LNS. By contrast, results from a more recent RCT were
consistent with our findings, which found that sup-
pression of B. longum by amoxicillin allowed the gut
microbiota of children with SAM to better adapt to a
solid-food diet by reducing the abundance of taxa

to right indicate: UniProt gene families that differed between the B. infantis and B. longum longum cluster (red); UniProt gene families that
differed between the B. infantis and B. suis cluster (red); Biological Process GO groups; CAZymes; and Transporter class. Only gene families that
differed by two-sided Fisher's Exact test and with evidence of overrepresentation in a Biological Process, CAZyme or Transporter class by one-
sided Fisher's Exact Test after FDR correction are presented. (B) Heatmap of MetaCyc pathway presence in SHINE Bifidobacterium longum strains
(N =284). Heatmap colors, horizontal and vertical bars are as for panel A. Only pathways that differed by two-sided Fisher’s Exact test and with
evidence of overrepresentation in a pathway type by one-sided Fisher's Exact Test after FDR correction are presented.
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specialized for breast milk utilization, resulting in
improved anthropometric indicators of infant nutri-
tional status.®

However, it is essential to note that B. infantis is a
critical early infant gut bacteria with important benefits
for infant health.*” In addition, B. infantis improved
ponderal (weight) growth when administered to infants
~4 mo of age with SAM in two RCTs.** However, the
effects on chronic undernutrition were not statistically
significant. Our findings suggest that a shift away from
a persistently “less mature” microbiome that is charac-
terized by a high abundance of B. longum and carriage of
strains that are better suited to HMO metabolism, may
also be critical to support efficacy of nutrient supple-
ments which start with the introduction of comple-
mentary feeding, to support linear growth and reduce
chronic infant undernutrition. Furthermore, we identify
drivers of early infant B. longum abundance and strain
carriage which, if further elucidated, may be employed
to shape the infant microbiome into a more favorable
composition to optimize the beneficial effects of in-
terventions that utilize SQ-LNS on chronic undernutri-
tion at this critical period in infancy.

There are some limitations of this work. First, from
our cohort of 1169 HIV-unexposed infants, we had
microbiome data from 172 infants. Importantly, infants
included in our analyses were comparable to excluded
infants (Table S1). Also, our results are biologically
consistent as illustrated by our models in which mother-
infant FUT2+/FUT3- phenotypes predicted both
B. longum relative abundance and strain cluster detection.
The consistently significant interactions for mother-
infant FUT2+/FUT3- phenotypes, B. longum abun-
dance (which mother-infant FUT2+/FUT3- phenotypes
predicted), and microbiome maturation (which was
characterized by B. longum abundance) in different sub-
sets of our cohort increase the internal validity of our
results. In addition, our interaction p-values were very
small, even after adjustment for multiple testing, and we
assessed interaction on the risk difference scale, which
has been shown to produce only a small elevation in the
false discovery rate in analyses of interaction that use very
small sample sizes.” That said, our sample size may have
limited power to detect effect modification by other taxa
that are indicative of a “more mature” post-weaning
microbiome such as P. copri and F. prausnitzii, and
larger studies are needed to corroborate these findings
and produce more precise estimates of effect modifica-
tion. Our analyses were not able to investigate effect
modification by actual microbial metabolic activity,
maternal HMO composition or infant gut glycobiome,
which would require multi-omics approaches such as
metatranscriptomics and metabolomics.

In conclusion, we present analyses of moderators of
IYCF impact on infant stunting at 18 mo in an RCT
using SQ-LNS in rural Zimbabwe. We report that (i)
infant microbiome species maturation, characterized by

a shift from B. longum dominance, particularly
B. longum strains that are most similar to the proficient
HMO utilizer B. infantis, was associated with increased
IYCF reduction of stunting at age 18 mo; (ii) B. longum
relative abundance was associated with reduced IYCF
benefits on stunting; and (iii) discordance in mother-
infant FUT2+/FUT3- phenotype, where the mother
had the phenotype but the infant did not, was also
associated with increased IYCF reduction of stunting
and predicted reduced B. longum relative abundance and
strain carriage. Future work should investigate how
variations in maternal HMOs and infant gut glycans
determine gut Bifidobacterium species, strain compo-
sition and microbiome maturation, to inform develop-
ment of next generation interventions that harness
B. longum strains, HMOs and glycans in early life to
induce adequate maturation of the microbiome, which
when used in combination with nutrient supplements,
will maximize their efficacy, reduce chronic undernu-
trition, and optimize growth at this critical period in life.
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