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Ready-to-use therapeutic and supplementary foods (RUTF/RUSF) are a primary treatment for childhood
malnutrition in Community Management of Acute Malnutrition (CMAM) programs. However, measuring
intervention compliance is labor intensive and unreliable. We applied FoodSeq, a fecal genomic dietary
assessment biomarker, in malnourished infants (3—15 months) from Matiari, Pakistan. FoodSeq identified a
significant increase in the abundance of DNA from chickpea, a primary RUSF ingredient, during RUSF
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administration and captured region-specific complementary feeding practices, including age-inappropri-
ate feeding practices such as wide-spread tea consumption. Our findings highlight the potential of dietary
genomics as an empirical and scalable tool for compliance monitoring and dietary analysis in commu-
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Introduction

Childhood malnutrition affected over 194 million children in
2022 and accounted for 45% of deaths in children under five
globally." Driven by a combination of socio-economic, environ-
mental, and biologic factors,”® malnutrition disproportio-
nately impacts low- and middle-income countries (LMICs),

leading to long-term health, social, and economic
consequences.””  Global treatment regimens utilize
Community-Based Management of Acute Malnutrition

(CMAM), deploying community health workers (CHWSs) to
screen and enroll children with malnutrition in an outpatient
treatment regimen.®® For severe acute malnutrition (SAM);
weight-for-height z-score (WHZ) < —3 standard deviations (SD)
from median WHO growth standards or mid-upper arm cir-
cumference (MUAC) < 115 mm,'® a weekly prescription of
weight-adjusted ready-to-use therapeutic food (RUTF) and sys-
tematic antibiotic treatment is provided.®®'' For moderate
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acute malnutrition (MAM); WHZ between —2 and —3 SD or a
MUAC between 115-125 mm (ref. 10) ready-to-use supplemen-
tal food (RUSF) is provided and an antibiotic regimen is pre-
scribed for underlying concomitant infection as needed."?

RUTEF/SFs are formulated as a shelf-stable, single-dose foil
package of an energy-nutrient dense paste eaten directly from
the packet."® Although adherence to RUTF/SF therapy is
crucial for adequate weight gain,'* both socio-economic and
dietary factors can impact treatment efficacy. For example,
RUTF might be shared among household members or sold for
supplementary income,'>'® or age-inappropriate foods might
be used for complementary feeding which can impair weight
gain."” However, monitoring RUTF compliance involves
regular CHW home-visits and/or collection of empty RUTF
packets,>*'*'®19 requiring extensive training and resources.”®
Novel approaches for objective monitoring of both RUTF/SF
adherence and potential impacts of demographic, socioeco-
nomic and/or dietary factors on compliance are needed.
Dietary genomics, specifically FoodSeq, offer an objective, cost-
effective alternative, characterizing dietary intake from residual
food DNA in human stool”* and have recently also been
applied to verify dietary improvements in a U.S.-based grocery
provisioning intervention among children with obesity.>*

Here, we extend FoodSeq application (¢rnL-P6 chloroplast
marker for plants®’ and 12SV5 mitochondrial marker for
vertebrates®* %) to acute malnutrition through a subset of an
infant cohort from Matiari, Pakistan,"® assessing its utility in a
resource-limited, community-based public health context. A
total of 150 stool samples were included from 60 infants with
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Fig. 1 Study design and FoodSeq-derived characterization of infant dietary composition across development. (a) A cohort of 350 malnourished
infants was followed longitudinally in the SEEM study through ages 3—6 months to 15 months.® From this cohort, our study obtained stool samples
from a subset of 30 infants with moderate acute malnutrition (MAM; weight-for-height z-scores (WHZ) < —2) at 3—6 months of age when caregivers
received an educational intervention covering WHO recommended breast feeding and complementary feeding practice and at approximately
9 months (Row 1) and another subset of 30 malnourished infants at approximately 10 months of age when caregivers were provided a locally-pro-
duced, chickpea-based RUSF (Acha Mum) for children and subsequently at approximately 14 months of age (Row 2). Thirty stool samples from
healthy infants (WHZ > 0, HAZ > —1.0) between the ages of 12.1-15.2 months were also included in the analysis (Row 3). (b) Bar plot showing the
presence counts of top 25 food (plant and vertebrate combined) taxa detected in participant stool samples across all timepoints except >12 months
(healthy controls, see Fig. S3c for top 25 taxa in healthy controls). (c) Principal Component Analysis (PCA) of plant dietary composition with biplot
indicating relative contributions of top 10 dietary components. Points colored by timepoint (bottom of figure) and compared along PC1 values using
linear mixed effect models with gender and PCR batch as fixed effects and participant ID as a random effect. Significant differences as marked.

MAM (3.1-15.2 months of age) and 30 healthy infants
(12.1-15.2 months of age)'® (Fig. 1a). In this study, caregivers
were provided breast-feeding and complementary feeding edu-

Food Funct.

cation at home for four weeks after enrollment (infants
3-6 months-of-age) (Fig. 1a). A locally produced RUSF Acha
Mum, made from chickpea, edible oil, dried milk, and fortified
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with a vitamin and mineral mix,'®'° was administered to
wasted children of weaning age (mean age of 9.89 + 0.99 months)
for an average duration of 57.8 + 6.3 days (Fig. 1a).

Materials and methods
Study design and dietary intervention

This study analyzed a subset of 90 participants from the Study
of Environmental Enteropathy (SEEM; NCT03588013; 365 mal-
nourished with WHZ < -2, 51 healthy with WHZ > 0, height-
for-age Z-score [HAZ] > —1.0), a prospective longitudinal study
conducted in rural Matiari, Pakistan (March 2016-March
2019)"® (Fig. 1a; [Created in BioRender. Ageel, A. (2022) https://
BioRender.com/f56s058Wti]). SEEM followed infants from
birth to 24 months through a multi-national collaboration
between Aga Khan University, Washington University in
St. Louis, University of Virginia, and Cincinnati Children’s
Hospital Medical Center, with funding from the Bill and
Melinda Gates Foundation.'® Our subset comprised three
groups: 30 malnourished infants with paired samples at 3-6
and 9 months, 30 malnourished infants with paired samples
at 10-14 months, and 30 healthy controls sampled after
12 months of age (exact infant ages corresponded with age at
the time of stool collection). This group structure reflected
sample accessibility at the time of design of the present study
and statistical analyses accounted for this structure as appro-
priate. Caregivers of malnourished infants received comp-
lementary feeding education at enrollment (3-6 months), with
anthropometric measurements recorded monthly.'® Infants
maintaining WHZ < -2 at 9 months were provided a two-
month intervention of one sachet (100 g) per day of Acha Mum
at no cost, a locally-produced ready-to-use supplementary food
(RUSF; ingredients: chickpea, edible oil, dried milk, sugar, vita-
mins [A, B1, B2, B3, B5, B6, B9, B12, C, D, E, K, H], zinc, folate,
iodine, calcium etc. emulsifier).'® Study staff monitored com-
pliance through weekly home visits, with additional visits as
needed."® A previous Phase 1 study demonstrated 90.5% inter-
vention adherence (assessed as sachets consumed/provided)
monitored through weekly home visits by study staff'®>® and
CHW home-visit RUSF consumption data similarly obtained
was evaluated for the cohort in this study. The RUSF interven-
tion was administered for 57.8 + 6.3 days beginning at 9.89 +
0.99 months.>” Non-responders (WHZ < —2 post-intervention)
without evidence of celiac disease or other identifiable growth
failure etiologies underwent esophagogastroduodenoscopy
(EGD) for investigation of underlying pathophysiology.'®

Stool collection, processing and DNA extraction

Fecal samples were collected by CHWs at 3-6, 9, 10, 14, and
>12 months (approximately 1 g per participant per timepoint)
within 10 minutes of production and transferred to liquid
nitrogen pre-charged dry shippers without additives or preser-
vatives (Taylor Wharton, CX-100) for transfer to and storage at
—80 °C at Aga Khan University (AKU) research facilities prior to
shipping on dry ice to Washington University in St. Louis

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

(WUSTL), USA. At WUSTL, frozen fecal samples underwent
pulverization in liquid nitrogen using a sterile mortar and
pestle. A 50 mg aliquot of pulverized material was transferred
to a 2 mL screw-cap vial. A solution consisting of 500 pL of
phenol : chloroform : isoamyl alcohol (25:24:1), 210 pL of
20% SDS and 500 pL of buffer (200 mM NacCl, 200 mM Trizma
base, 20 mM EDTA) containing 500 pL of 0.1 mm diameter zir-
conia/silica beads was added to each sample, followed by bead
beating (Mini-Beadbeater-8; Biospec) to extract DNA. DNA was
purified (Qiaquick columns, Qiagen), eluted in 70 pL of Tris-
EDTA (TE) buffer, and quantified (Quant-iT dsDNA broad
range kit; Invitrogen).

FoodSeq: residual dietary DNA amplification, sequencing and
taxonomic assignment

Residual dietary plant DNA and animal DNA in stool samples
was assessed using FoodSeq, as previously described.**®
Briefly, FoodSeq libraries were generated using a two-step PCR
protocol. Primary amplification was conducted using locus-
specific primers (trnL g-h for plants and 12SV5F/12SV5R76 for
animals) with Illumina overhang adapter sequences, a human
blocking primer (DeBarbal4 HomoB77 for 12SV5), and SYBR
Green for qPCR. PCR reactions were performed in a total
volume of 10 pl using either AccuStart II PCR SuperMix
(128V5)*® or previously established conditions (trnL).*! Cycling
conditions included an initial denaturation at 94 °C for
3 minutes, followed by 35 cycles of denaturation, annealing,
and extension. Each PCR batch included positive and negative
controls, and batches were repeated if controls failed.”®
Secondary PCR was conducted in a 50 pl reaction volume
using KAPA HiFi polymerase to add Illumina adapters and 8
bp dual indices for sample multiplexing.>® The final libraries
were cleaned, pooled separately for trnL and 12SV5, and
sequenced on independent Illumina runs.>®

Curated reference databases were constructed by compiling
a list of edible plant and animal taxa from global food surveys
and reference sources.”® Sequences containing trnL-P6 or
128V5 regions were retrieved from GenBank and RefSeq, fil-
tered for primer binding sites with a <20% mismatch toler-
ance, and trimmed to the target amplicon regions.>” Identical
sequences from different accessions were de-duplicated, while
intra-taxon variability and conserved sequences across taxa
were retained.”> Demultiplexed reads were processed using
BBDuk (adapter trimming), Cutadapt (primer filtering and
additional trimming), and DADA2 (denoising, merging, and
amplicon sequence variant (ASV) inference).>®> Reads were
quality-filtered using an expected error threshold of 2 and
truncated at the first base with a quality score <2.>* For trnL,
ASVs were assigned using DADA2’s assignSpecies function,
with exact sequence matching to the custom trnL reference
database.”® In cases of ambiguous matches, taxa were assigned
to the last common ancestor (e.g., a sequence matching both
wheat and rye was classified at the Poaceae family level).>® For
12SV5, ASVs were assigned using DADA2’s assignTaxonomy
and agglommerated at the lowest common taxonomic assign-
ment, due to reduced performance of exact sequence matching

Food Funct.


https://BioRender.com/f56s058Wti]
https://BioRender.com/f56s058Wti]
https://BioRender.com/f56s058Wti]
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo02791h

Open Access Article. Published on 18 March 2026. Downloaded on 3/19/2026 5:45:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

caused by PCR polymerase-induced mismatches.>® Suspected
contaminants were identified using decontam and removed
based on DNA quantitation data.>® ASV count tables, taxo-
nomic assignments, and metadata were structured using phy-
loseq (version 1.38.0).%°

Statistical analyses

Statistical Programming Language R (V. 4.5.0) was used to
analyze and visualize data. Taxonomic read counts were con-
verted to relative abundances and normalized through center-
log-ratio transformation to preserve overall data structure fol-
lowed by removal of taxa with fewer than 5 sequence reads,
removal of taxa with no assignment at the superkingdom level
in trnL and removal of human ASVs from the 12SV5 data.
Plant dietary compositionality was analyzed using Principal
Component Analysis (PCA, ‘prcomp’ function, parameters: cen-
tered, not scaled). Plant FoodSeq richness (pFR) was calcu-
lated as the number of unique taxa with at least one read
count in each sample as previously described.”® The Dietary
Diversity Score (DDS) was derived from 24 h dietary recall
data.”® The data collection process, as well as the complete
methodology for standardization and homogenization has
been previously described.”® The reported food items were
categorized into 19 predefined food groups following a stan-
dardized food classification system.*® Food groups considered
included: cereals and their products; pulses, legumes, and
their products; nuts, seeds, and their products; leafy vegetables
and their products; vegetables and their products; starchy
roots and tubers; flesh meat and their products; fish, seafood,
and their products; organ meats; fruits and their products;
beverages; milk and their products; sweets and their products;
spices, condiments, and seasoning foods; fats and oils; non-
food items; supplements; and eggs and their products.
Although standard DDS calculations incorporate up to ten
food groups, for this study we classified food in greater detail
for improved comparison with genomic dietary data resolu-
tion. Each participant’s dietary intake was assessed to deter-
mine whether at least one item from each food group was con-
sumed within the recall period. A binary scoring system was
applied, where the presence of a food group was assigned a
score of ‘1’, while its absence was assigned a score of ‘0’. The
DDS was calculated as the sum of all consumed food groups:

n
DDS = Z Score i
=1
where Score represents the presence (1) or absence (0) of the
ith food group, and r is the total number of food groups con-
sidered (19 in this study).

Presence-absence concordance between FoodSeq and time-
point-matched 24 hour recall data was evaluated for three
major dietary taxa through counts of each taxon detected in
either measure across all 150 samples. Detections were cate-
gorized as present in both methods, FoodSeq only, recall only,
or neither, and overall agreement was calculated as the sum of
samples classified as either both-present or both-absent.

Food Funct.
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CHW home visit derived compliance reporting was used to
calculate (1) total sachets consumed across all visits/total
sachets provided across all visits. (2) Sachets consumed/pro-
vided for the closest home visit matching to stool sampling
date (home visits occurring after stool sample date were
chosen in case of ties due to visit reporting RUSF consumption
over past seven days and stool sample capturing approximately
last 72 h of residual food DNA). (3) Visit-matched values from
(2) normalized by number of days between home visit date and
stool collection.

Where applicable, analyses explicitly accounted for tem-
poral mismatch between dietary exposure and stool collection
by aligning the closest adherence and recall date to stool
sample collection dates and by including an adherence ana-
lysis with compliance data normalized by the interval between
visit date and sample collection. For comparative testing,
Wilcoxon rank-sum test was used between unpaired samples
and Wilcoxon signed-rank test for paired samples.
Relationships spanning all timepoints were assessed using
linear mixed effects models with participant ID as a random
effect, and PCR amplification batch, age and gender, wealth,
food insecurity, wealth, and family size as fixed effects. Age
and gender were not added as covariates for analyses involving
WHZ, WAZ, and WHZ as these metrics already incorporate age
and gender adjustments. Given modest subgroup sample sizes,
wealth quintiles were collapsed into three categories (below
middle, middle, above middle) and food insecurity quartiles
were dichotomized (none vs. insecure) to ensure adequate cell
counts and improve model stability in multivariable analyses.

Results

Dietary DNA was successfully amplified in 149/150 samples,
with the only non-amplifying sample corresponding to a
3-6 month old malnourished infant expected to be exclusively
breastfed per standard recommendations.’” Low levels of food
DNA detected in other infants of the same age were consistent
with previous reports of inappropriate early complementary
feeding in this region."” Overall, 89 unique plant and 16 ver-
tebrate taxa were identified (Fig. 1b). Wheat was detected
across >50% of samples; banana was the most frequent fruit
(31.6%); peas the most frequent legume (35%), and water
buffalo the most common animal (35.8%) (Fig. 1b) (the abun-
dance of detected reads per target DNA is provided in SI 1).
PCA analysis identified the following taxa as top drivers of vari-
ation in dietary composition among participants: wheat; tea;
banana; cowpea family; chickpea; carrot, parsley, cumin
family; pea; wild rice; pepper family; coriander, and cilantro
(Fig. 1c and Table S1).

Chickpea DNA spike aligns with RUSF administration

FoodSeq detected a spike in chickpea DNA (Cicer arietinum;
primary plant ingredient of Acha Mum) center-log-ratio normal-
ized relative abundances (hereafter “CLR value”) (median =
5.27, IQR [7.75], Fig. 2a) in stool samples collected during Acha

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Increase in chickpea DNA level aligns with RUSF administration, FoodSeq captures dietary signals relevant to nutritional development and infant
health. (@) CLR-normalized relative abundances of chickpea (Cicer arietinum) DNA amplified from stool samples compared across all timepoints. The
10-month timepoint when RUSF was administered is highlighted in orange. The >12 months samples correspond to healthy infants. Box plots show
median and interquartile ranges, while individual dots represent samples from each subject. Wilcoxon signed-rank test for 3—6 months vs. 9 months and
10 months vs. 14 months and Wilcoxon rank-sum test for all other timepoint comparisons were conducted. Significance results of statistical testing are
marked. (b) CLR-normalized relative abundances of tea (Camellia sinensis) DNA amplified from stool samples compared across all timepoints. Box plots
show median and interquartile ranges, while individual dots represent samples from each subject. Wilcoxon signed-rank test for 3—6 months vs. 9 months
and 10 months vs. 14 months and Wilcoxon rank-sum test for all other timepoint comparisons were conducted. Significance results of statistical testing are
marked. (c) Relationship between CLR-normalized tea (Camellia sinensis) relative abundance and height-for-age Z-score (HAZ) across all timepoints. Each
point represents an individual stool sample, colored by timepoint (p = 0.032, linear mixed-effects model: participant ID as a random effect; PCR batch as a
fixed effect). Shaded area represents the 95% confidence interval. (d) CLR-normalized relative abundance values of water buffalo (Bubalus bubalis) DNA
detected in stool samples compared across age. Individual dots represent samples from each subject. Linear mixed effects model (pcr batch, gender and
socioeconomics as fixed effects and participant ID as random effect). Significance results as marked. (e) Age-dependent increase in dietary diversity
measured by traditional dietary diversity score (DDS, salmon) and plant FoodSeq Richness (pFR, cyan). Both metrics show significant positive correlation
with age (p < 0.0001; linear mixed effects models). Shaded areas represent 95% confidence intervals. (f) Relationships between the first principal com-
ponent of FoodSeq dietary composition (PC1; left panels) or plant FoodSeq richness (pFR; right panels) and anthropometric measures including mid-upper
arm circumference (MUAC), weight-for-age Z-score (WAZ), and weight-for-height Z-score (WHZ). Each point represents an individual sample, colored by
timepoint (legend same as for panel c). Significance values marked (linear mixed-effects model).

This journal is © The Royal Society of Chemistry 2026 Food Funct.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo02791h

Open Access Article. Published on 18 March 2026. Downloaded on 3/19/2026 5:45:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Mum administration at 10 months (mean infant age =
10.56 months) compared to pre-administration time points
(median = —0.07, IQR [0.06] at 3-6 months, p < 0.001 and
median = —0.13, IQR [0.10], p < 0.001 at 9 months; Wilcoxon
rank-sum test), in healthy controls (median = —0.13, IQR
[5.06], p = 0.019; Wilcoxon rank-sum test), and post-adminis-
tration in MAM samples at 14 months (median = —0.12, IQR
[3.75], p = 0.003; Wilcoxon signed-rank test) (Fig. 2a). To
account for cohort-level differences, we further compared
values between the 9-10 month timepoints through a linear
model adjusting for PCR batch, gender, wealth index, food
insecurity, and family size which demonstrated the same
Chickpea CLR value spike at 10 months (f = 4.08, p = 6.9 x
107°) indicating that this increase was not attributable to
cohort-level heterogeneity. A similar spike during RUSF admin-
istration was not observed in any of the other major dietary
drivers (Fig. S1).

Comparison of chickpea CLR-values with CHW-home visit
derived compliance metrics showed positive but non-signifi-
cant trends, likely impacted by the low sample size and lag
between compliance visits and stool sample collection (only 1/
30 sample had 100% compliance reported on the same date as
the stool sample but no chickpea detected). Overall, 22/30
samples were true positives for chickpea and 1/30 a true nega-
tive, yielding a sensitivity and sensitivity of 0.76 and 1
respectively.

Chickpea CLR-values at 10 months were also not associated
with DDS, pFR, major dietary patterns (plant PCs) (Fig. S2b)
and did not partition by wealth index, food insecurity,
or family size (Fig. S2c), suggesting RUSF compliance was
not affected by local socio-economic factors or dietary
practices.

Capture of dietary relationships relevant to infant health and
intervention efficacy

Notably, tea (Camellia sinensis), an age-inappropriate food per
WHO infant feeding guidelines,” was present in >50% of
samples, detected as early as 3-6 months (consistent with care-
giver reports), and did not partition by socioeconomic vari-
ables (wealth and food insecurity). Tea CLR-values showed a
marked increase from 9 to 10 months of age (median 3.63
[IQR 8.31] to 7.63 [IQR 4.09], p = 0.006; Wilcoxon rank-sum
test) which remained consistent to cohort-heterogeneity
adjustment through a linear model controlling for PCR batch,
gender, wealth index, food insecurity, and family size (§ = 2.93,
p = 0.0043). This increase was followed by a decline by
14 months (median 5.76 [IQR 3.59], p = 0.019; Wilcoxon
signed-rank test) (Fig. 2b).

While tea was also modestly associated with higher HAZ
scores (ff = 0.041, p = 0.029, linear mixed effects model, PCR
batch and socioeconomics as fixed effects and participant ID
as random effect) (Fig. 2c), having no food insecurity was the
greatest contributor to higher HAZ ( = 0.834, p = 0.021, linear
mixed effects model, PCR batch and socioeconomics as fixed
effects and participant ID as random effect). Tea CLR-values
were not related to chickpea values at the 10 month timepoint.
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Water buffalo, the most abundant animal taxon (Fig. 1b)
and a common source of milk in South Asia,*® displayed
increasing CLR values with age (# = 0.234, p = 0.001,
linear mixed effects model adjusted for PCR batch, gender
and socioeconomics as fixed effects and participant ID as
random effect) (Fig. 2d), reflecting diluted water buffalo milk
for complementary feeding reported in 24 hour recalls.

Evaluation of water buffalo (milk proxy) and tea co-con-
sumption demonstrated a modest but significant relationship
(B = 0.28, p = 0.012; linear mixed-effects model controlling for
age, gender, PCR batch, and socioeconomics as fixed effects
with participant ID as a random effect) (Fig. S2d). However, tea
and milk DNA were not consistently co-detected across
samples, with tea frequently detected in the absence of detect-
able water buffalo DNA.

Although FoodSeq data (from stool samples) was tem-
porally well-separated from 24 h recalls (median = 10 days,
IQR = 17), broad concordance estimates for selected major
taxa detected in FoodSeq (wheat as most frequent and staple
food, water buffalo as most frequent animal, and tea as
notable anomaly) demonstrated highest agreement for wheat
(72.7%), with complete alignment of detections in both
measures; moderate for water buffalo (60.7%), with more fre-
quent reporting in recalls than detection in stool; and lowest
for tea (59.3%), detected much more frequently by FoodSeq
even when not reported (Table S2).

Given the established expectations of complementary
feeding and dietary expansion with infant maturation,”® we
compared both a traditionally calculated Dietary Diversity
Score (DDS) and plant FoodSeq Richness (pFR), the number of
unique identified plant taxa detected per sample,>" against age
to evaluate FoodSeq’s ability to capture expected dietary
relationships. Both metrics were positively correlated with age
(# = 0.27, p < 0.0001 and g = 0.69, p < 0.0001 respectively)
(Fig. 2e) but not with each other, suggesting capture of distinct
aspects of dietary diversity. pFR further demonstrated a posi-
tive relationship with WAZ (# = 0.066, p = 0.018 Bonferroni-
Hochberg corrected; linear mixed effects model with partici-
pant ID as random effect; robust to socioeconomic adjust-
ment) (Fig. 2f) while DDS associated with WAZ ( = 0.15, p =
0.011; robust to socioeconomic control) but not with WHZ
(data not shown).

Consistent with prior findings from a global infant cohort,
the primary axis of dietary variation (PC1) suggested capture
of total plant material from complementary feeding, with
dietary loadings pointing almost exclusively in the same
direction®' (Fig. 1c). In line with this interpretation, PC1
scores also increased with age (p < 0.001; linear mixed
effects model: gender and participant ID adjusted) (Fig. 1c)
with age exerting a stronger influence on PC1 than health
status (Fig. S2a). PC1 was also positively associated with
WHZ, WAZ, and MUAC (p < 0.01 for all, Bonferroni-Hochberg
corrected, linear mixed effect model with participant ID as
random effect, age and gender included for MUAC) with
these relationships robust to socioeconomic adjustment
(Fig. 2f).

This journal is © The Royal Society of Chemistry 2026
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Discussion

Although free RUT/SF provision through CMAM programs is
now the standard of care for acute malnutrition,** socioeco-
nomic barriers continue to influence consumption and
adherence behaviours, necessitating intensive compliance
monitoring. Although chickpea DNA was detectable across
all timepoints in the study since chickpea is a common
part of local diet,>® FoodSeq captured a distinct and stat-
istically significant increase during RUSF administration,
demonstrating sensitivity to relative changes in intake
rather than simple presence-absence detection. This
finding highlights the potential of stool genomics to simul-
taneously capture geographic and cultural dietary patterns
through the universal language of DNA, augmenting adher-
ence tracking in CMAM and revealing contextual barriers to
treatment.

In our cohort, the most frequently detected taxa were staple
crops in Pakistan and ingredients of common complementary
foods: wheat in roti (flatbread) and daliya (porridge), rice and
derivatives, and banana,"” consistent with 24 h recall reports.
The detection of water buffalo, South Asia’s primary cattle
species, widely used for milk and meat,*® underscores the
ability to taxonomically resolve regionally-specific sources of
common foods. The consistent increase in water buffalo DNA
with age further suggests weaning of infants from breast milk
to cattle dairy, supported by increased rates of dairy milk con-
sumption reported across age in the 24 h recalls. The wide-
spread presence of tea DNA suggested a more extensive con-
sumption during complementary feeding than previously
reported (only one study documented use in >50% of infants),
contrary to WHO guidelines."” Notably, however, tea detection
was not associated with RUSF intake, WHZ change, or socioe-
conomic variables. The modest relationship between tea and
HAZ likely also reflects an age-related variation (height
increase with age) in tea provision rather than a causal effect.
Similarly, socioeconomic or dietary factors did not directly
impact RUSF intake, and chickpea-based RUSF was well-
accepted for outpatient care, though measures to monitor tea
provision in future interventions might be beneficial given the
high prevalence detected in both FoodSeq and 24 h recalls
across all timepoints as tea tannins can inhibit appetite and
iron absorption."”

As expected, concordance between FoodSeq and 24 h
reports showed high agreement for staple foods while high-
lighting discrepancies for items prone to low-volume intake or
under-reporting such as tea. Frequent detection of tea DNA
despite absence of reporting aligns with cultural feeding prac-
tices'” and highlights the value of genomic monitoring for
capturing subtle or unrecognized dietary exposures. Moderate
concordance for water buffalo likely reflects reduced detect-
ability of DNA from milk given the comparative ease of diges-
tion vs. plant foods. These findings support FoodSeq’s ability
to complement traditional dietary assessment by identifying
both reported and unreported exposures relevant to child
nutrition.”

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

Furthermore, although tea is typically prepared with milk
in this setting, tea and water buffalo DNA demonstrated only
partial co-detection in stool samples. This is consistent with
known biological and technical factors affecting DNA recovery
such as the greater stability of plant structures in the digestive
tract as well as leaves (which tea is brewed from) containing
high density of chloroplasts which are the target of the ¢trnL-P6
marker, increasing amplifiable DNA yield. In comparison,
DNA in milk, detected via the mitochondrial 125V5 marker,
can be more susceptible to degradation and may be present at
lower effective concentrations. Because FoodSeq is sensitive to
relative amplifiable residual DNA biomass in stool, one-to-one
concordance is not expected.

While the observed increase in genomic dietary diversity
with age supports the ability to detect expected complementary
feeding expansion with age,*® associations of pFR and PC1
with measures such as WHZ, WAZ, and MUAC suggest broad
potential to capture nutritional information relevant to infant
health through biologically relevant variation in diet rather
than simply capturing household-level socioeconomic
differences.

Interestingly, though Acha Mum contains dried-milk, the
pattern of milk-producing taxa abundances was not compar-
able to chickpea (Fig. 2d and Fig. S3a). This discrepancy may
stem from DNA degradation during milk drying, low milk
content in RUSF, or masking of RUSF-specific milk signal
from milk in complementary feeding. These findings indicate
a need to optimize detection methods for animal-derived RUT/
SF components. Given FoodSeq’s potential to reflect portion
size for certain plant taxa,”’ studies should quantify the
relationship between RUT/SF intake and residual DNA levels,
and assess how formulations influence detectability across
contexts. Currently, the interpretation of taxon-specific concor-
dance between FoodSeq and 24 h recalls is also constrained
due to the temporal mismatch between the methods in this
retrospective analysis. Furthermore, due to the partially longi-
tudinal sub-cohorts and the resulting limited sample size,
long-term within-infant dietary trajectories could not be
assessed across the full 3-14 month window and compliance
analysis results did not fully untangle the contribution of
adherence variability, methodological limitations or biological
differences in DNA digestion to false negatives for chickpea
detection. Prospective studies with better synchronization
between dietary assessment methods and compliance tracking
as well as fully longitudinal sampling across all key develop-
mental stages could further resolve these relationships and
clarify the evolution of dietary DNA signals across growth and
intervention stages. Such future work could also integrate
genomic dietary assessment with traditional clinical and nutri-
tional measures in efforts to disentangle underlying drivers of
malnutrition. Though next-generation sequencing may be
cost-prohibitive in low-resource settings, the use of ethanol-
based preservation and room-temperature shipping,** along
with targeted PCR assays and emerging portable PCR tools,**
could lower costs and accelerate results. Lastly, stool collection
faces barriers related to cultural sensitivities, logistics, and
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compliance; solutions may include community engagement
and integration into existing healthcare workflows.

Conclusions

Overall, our study demonstrates the promise of FoodSeq as a
novel tool for monitoring RUSF compliance in the CMAM
framework, with potential extension to other standardized
therapeutic foods such as RUTF. Future trials could leverage
FoodSeq to track adherence to other nutritional interventions
or detect inappropriate feeding practices that compromise
treatment. Standardizing ingredient detection, e.g., through
marker food or synthetic DNA spike-ins, may enhance speci-
ficity and enable more precise quantification. As the method
matures, FoodSeq insights could inform broader efforts to
combat undernutrition, evaluate novel therapeutic foods, and
shape child feeding policies.
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