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A B S T R A C T

Accurate and reproducible gut microbiome profiling depends heavily on the DNA extraction method, particularly 
in low-biomass samples such as neonatal stool. In this study, we evaluated the performance of three commer
cially available DNA extraction kits; QIAamp Fast DNA Stool Mini, DNeasy PowerSoil Pro, and ZymoBIOMICS 
DNA Miniprep on neonatal stool samples collected in a resource-limited hospital in Kano, Nigeria. Samples were 
stored under various conditions (temperature and preservatives), and DNA was extracted and sequenced using 
Oxford Nanopore Technologies. DNA yield differed substantially across extraction kits and storage conditions. 
The bead-beating-based kits: PowerSoil and ZymoBIOMICS, consistently outperformed the QIAamp Fast DNA 
Stool Mini kit, which produced negligible yields across all conditions. Both bead-beating kits achieved the 
highest DNA concentrations when samples were processed fresh and without preservatives, while yields declined 
sharply after just one day of storage. Although overall DNA yields were similar between PowerSoil and Zymo
BIOMICS at all time points, PowerSoil extracts produced longer sequencing reads and higher-quality assemblies. 
Specifically, PowerSoil-derived libraries generated higher read-level N50 values than those from ZymoBIOMICS 
at both Day 0 and Week 6. While these differences were not statistically significant, a moderate effect size at Day 
0 (rank-biserial correlation = 0.60) suggests a potential advantage in genome assembly continuity. Additionally, 
PowerSoil had a shorter processing time, enhancing its suitability for long-read metagenomics workflows in 
resource-limited settings. We conclude that same-day processing using bead-beating-based extraction kits im
proves yield and may reduce bias in neonatal gut microbiome studies. These findings are especially relevant for 
low-resource settings, where equipment limitations and delayed sample processing can impact data quality and 
study scalability.

1. Introduction

The human gut microbiome plays a vital role in maintaining host 
health, influencing immune development, nutrient absorption, protec
tion against pathogens, and contributing to biosynthesis of essential 
vitamins and amino acids (Olin et al., 2018; Bäumler and Sperandio, 
2016; Alsharairi, 2023). It also contributes to maintaining intestinal 
barrier integrity and modulating host metabolism and inflammation 

(Trompette et al., 2014). Disruption of this microbial community known 
as dysbiosis, has been associated with various health conditions, 
including metabolic, gastrointestinal, and immunological disorders 
(Gomaa, 2020; Sommer and Bäckhed, 2013; Walters et al., 2014; Leong 
et al., 2020).

In neonates, gut microbiome colonisation begins at birth and un
dergoes rapid changes in early life. Factors such as delivery mode, 
feeding type, antibiotic exposure, environment, and geographic location 
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can influence the initial microbial community structure 
(Dominguez-Bello et al., 2010; Dogra et al., 2015; Reyman et al., 2022; 
Rinninella et al., 2019; Thänert et al., 2022; Baumann-Dudenhoeffer 
et al., 2018; Pehrsson et al., 2016). This early window is especially dy
namic and unstable, typically reaching a more stable, adult-like 
composition by two to three years of age (Xiao and Zhao, 2023). The 
initial microbial exposure and colonisation patterns are thought to have 
lasting impacts on immune programming and disease susceptibility, 
making it a critical period for microbiome-targeted interventions.

Despite its importance, studying the neonatal gut microbiome pre
sents significant technical challenges. Neonatal stool, especially meco
nium, the first stool passed by newborns often contains low bacterial 
biomass, small sample volumes, and a high proportion of host (human) 
DNA (Rackaityte et al., 2020; Dos Santos et al., 2021). These properties 
make neonatal samples particularly susceptible to contamination during 
DNA extraction and library preparation, introducing substantial vari
ability and increasing the risk of inaccurate microbial profiling. 
Furthermore, the relatively low microbial load in early stool samples 
may lead to random sequencing noise and misinterpretation of results, 
especially in metagenomic analyses where resolution and accuracy 
depend heavily on DNA input quality and yield (Weyrich et al., 2019; 
Selway et al., 2020; Jurasz et al., 2021).

The advent of long-read sequencing technologies, such as those 
provided by Oxford Nanopore Technologies (ONT), has expanded the 
possibilities of microbiome research by allowing for improved genome 
assembly, taxonomic characterisation, and more accurate profiling of 
antimicrobial resistance genes (ARGs) and mobile genetic elements 
(Maghini et al., 2021; Gand et al., 2023; Boostrom et al., 2022). These 
technologies however require high-quality, high molecular weight DNA 
and are particularly sensitive to fragmentation and contamination. In 
neonatal studies, where samples are inherently low biomass, DNA 
extraction becomes a critical bottleneck. Poor extraction efficiency, 
sample degradation, or over-fragmentation can compromise down
stream sequencing quality, skew taxonomic profiles, and impair resis
tome detection (Fernández-Pato et al., 2024; Wagner Mackenzie et al., 
2015; Wesolowska-Andersen et al., 2014).

DNA extraction protocols vary widely in their ability to lyse different 
microbial taxa, minimise host DNA contamination, and recover intact 
DNA molecules. Studies have shown that the choice of extraction 
method significantly affects taxonomic diversity, relative abundance 
estimates, and detection of low-abundance organisms or gene (Quince 
et al., 2017; Costea et al., 2017; Lim et al., 2020). Recognising this, the 
International Human Microbiome Standards (IHMS) consortium rec
ommended a standardised protocol; Protocol Q, for adult stool DNA 
extraction using short-read sequencing (e.g., Illumina) 
(Wesolowska-Andersen et al., 2014). While increased standardisation 
such as Protocol Q has improved study comparability, they are often 
optimised for adult samples and are not well-suited for neonatal stool, 
which differs in consistency, composition, and microbial load. More
over, current protocols are often complex, time-consuming, and 
dependent on specialised equipment and consumables that may not be 
available or affordable in many low- and middle-income countries 
(LMICs) (Maghini et al., 2021; Gand et al., 2023).

Consumable access and usage are problematic requiring resolution 
given the growing global interest in understanding early-life micro
biome development in diverse settings. Neonatal populations in LMICs 
are of special interest due to high rates of antibiotic exposure, infectious 
disease burden, and environmental differences that may significantly 
shape the developing gut microbiome and resistome. Yet, despite their 
importance, LMIC populations remain underrepresented in microbiome 
studies, largely due to infrastructural and methodological limitations 
(Makhalanyane et al., 2023; Ayeni et al., 2024). There is a pressing need 
for protocols that are not only scientifically robust but also feasible, 
scalable, and cost-effective for use in low-resource laboratory 
environments.

To address these challenges, we selected three commercially 

available DNA extraction kits; QIAamp Fast DNA Stool Mini, DNeasy 
PowerSoil Pro, and ZymoBIOMICS DNA Miniprep, based on their 
frequent use in published gut microbiome studies, compatibility with 
long-read sequencing, and applicability in LMIC environments. A pre
liminary literature review was conducted using PubMed with search 
terms such as "stool DNA extraction kit metagenomics", "long-read 
sequencing microbiome", and "DNA extraction LMIC", with priority 
given to methods referenced in studies with high citation counts, min
imal equipment requirements, and suitability for low biomass inputs. 
The selected kits represent a spectrum of trade-offs between lysis effi
ciency, DNA integrity, cost, and portability. For example, PowerSoil is 
widely used for its bead-beating effectiveness and has been applied in 
long-read metagenomic studies, (Maghini et al., 2021; Costea et al., 
2017) while ZymoBIOMICS has shown promise in preserving 
high-molecular-weight DNA with minimal fragmentation 
(Wongsurawat et al., 2019; Sudjai et al., 2022). The QIAamp Fast DNA 
Stool Mini kit is frequently used in short-read and clinical contexts but is 
known to have limitations for hard-to-lyse organisms and low-input 
samples (Fernández-Pato et al., 2024). These considerations are partic
ularly important for field studies, where factors such as cold chain 
limitations, access to reagents, and ease of protocol execution may 
outweigh laboratory preferences. In this study, we also incorporate 
considerations such as non-refrigerated storage, (Song et al., 2016) and 
the need to minimise DNA fragmentation to support high-contiguity 
long-read assemblies (Wongsurawat et al., 2019).

Using Oxford Nanopore Technologies, which has a comparably low 
start-up cost, portability, and suitability for low-resource environments, 
(Boostrom et al., 2022) we assessed DNA yield and downstream taxo
nomic profiling across multiple storage conditions, extraction protocols, 
and time points. Our comparison focused on identifying protocols that 
are not only biologically effective but also logistically practical for use in 
field settings where immediate extraction is not always feasible due to 
constraints like limited laboratory infrastructure, supply chain delays, 
and geographic inaccessibility. By optimising upstream sample prepa
ration, our goal is to enable reliable, high-quality metagenomic data 
generation in neonatal populations from LMICs. In doing so, we aim to 
reduce methodological barriers to microbiome research in underrepre
sented settings and promote more inclusive and scalable approaches to 
global microbiome science.

2. Methods

2.1. Ethics approval and study setting

This study received ethical approval from the National Health 
Research Ethics Committee of Nigeria (NHREC/2022/3448) and the 
Oxford Tropical Research Ethics Committee (OxTREC/REF: 36–22). All 
neonates were enrolled following informed consent from a parent or 
guardian.

Stool samples were collected from five neonates within their first 
week of life at the maternity unit of Murtala Muhammed Specialist 
Hospital (MMSH), Kano, Nigeria; a healthcare facility with limited 
laboratory infrastructure. Samples were stored under varying conditions 
prior to microbial DNA extraction, reflecting many of the constraints 
associated with field work (Fig. 1).

2.2. Faecal sample collection and storage

Fresh stool samples were collected in sterile containers, kept on ice, 
and transported to a makeshift laboratory built from a shipping 
container located on the hospital premises (Supplementary Figures 1, 2). 
Each sample was homogenised and aliquoted into six storage conditions: 
(1) No preservative (processed same day), (2) DNA/RNA Shield (Zymo 
Research) stored for 24 h at room temperature (RT), (3) DNA/RNA 
Shield (Zymo Research) stored for 24 h at 4◦C, (4) DNA/RNA Shield 
(Zymo Research) stored for 24 h at –80◦C, (5) DNA/RNA Shield stored 

C. Akpulu et al.                                                                                                                                                                                                                                 The Microbe 7 (2025) 100398 

2 



for 48 h at room temperature (RT), (6) Charcoal swabs stored for 6 
weeks at 4◦C.

2.3. DNA extraction kit selection and summary

Three commercial microbial DNA extraction kits were compared 
based on DNA yield, and microbial diversity and composition. The 
commercial extraction kits: QIAamp Fast DNA Stool Mini Kit (Qiagen), 
DNeasy PowerSoil Pro Kit (Qiagen, previously MoBio) and ZymoBIO
MICS DNA Miniprep Kit (Zymo Research) designated as protocol SM, 
protocol PS and protocol ZB respectively, were chosen based on fre
quency of use in existing gut microbiome studies suitability for onsite 
extraction without need for third-party consumables or cold chain 
transport, and cost (Table 1).

Each of the five stool samples was subjected to all six storage con
ditions and extracted using each of the three kits, yielding a total of 90 
DNA extracts. To reduce inter-operator variability, all extractions were 
performed by a single researcher. Samples preserved in DNA/RNA 
Shield were processed in suspension (200 µL), while 220–250 mg was 
used for solid stool extractions.

2.4. DNA extraction protocol comparison

Protocol SM (QIAamp Fast DNA Stool Mini Kit) - Stool was homoge
nised in InhibitEX buffer, followed by Proteinase K and Buffer AL in
cubation at 70◦C for 10 min. Ethanol was added and lysates loaded onto 
spin columns, washed with AW1 and AW2, and eluted in 200 µL Buffer 
ATE.

Protocol PS (DNeasy PowerSoil Pro Kit) - Stool was added to bead 
tubes with Solution CD1, bead-beaten using a Vortex-Genie 2 for 10 min, 
incubated at 65◦C for 10 min, and centrifuged. The supernatant was 
treated with Solutions CD2 and CD3, and DNA was purified using MB 
spin columns and washed with EA and C5 buffers. DNA was eluted in 

100 µL of Solution C6.
Protocol ZB (ZymoBIOMICS DNA Miniprep Kit) - Stool was combined 

with lysis buffer in bead tubes and bead-beaten. After centrifugation, 
lysate was filtered through a Zymo-Spin III-F filter. The flow-through 
was bound to silica columns, washed, and eluted in 100 µL water, fol
lowed by further purification using the Zymo-Spin HRC filter.

2.5. DNA quantification

DNA concentration was measured using a Qubit 4 fluorometer (Life 
Technologies, USA) with dsDNA High Sensitivity and Broad Range Assay 

Fig. 1. Overview of experimental design for evaluating DNA extraction protocols from neonatal stool samples under varying storage conditions. Stool samples were 
collected from five neonates and stored under six different conditions, including fresh (no preservative), RNA/DNA Shield at varying temperatures and durations (RT, 
4◦C, –80◦C), and charcoal swab at 4◦C for 6 weeks. DNA was extracted using three commercial kits employing chemical lysis (QIAamp Fast DNA Stool Mini Kit) or 
mechanical lysis (DNeasy PowerSoil Pro Kit and ZymoBIOMICS Miniprep DNA Kit).

Table 1 
Summary information for each DNA extraction protocol used.

DNA Extraction 
Methods

SM PS ZB

Mechanical lysis Vortex Bead-beating Bead-beating
Chemical lysis Yes Yes Yes
Thermal lysis 95̊C for 

10 mins
65̊C for 10 mins 
(optional)

No

DNA purification 
method

Spin column- 
based

Spin column- 
based

Spin column- 
based

Cost of kit (50 
Preparations)

~£ 290 ~£ 374 ~£ 417

Processing time per 12 
samples

~1.5–2 h ~1.5–2 h ~2 – 2.5 h

Equipment needed Micro- 
centrifuge 
Heat block

Micro-centrifuge 
Heat block 
(optional)

Micro- 
centrifuge

The QIAamp Fast DNA Stool Mini Kit (SM), DNeasy PowerSoil Pro Kit (PS), and 
ZymoBIOMICS DNA Miniprep Kit (ZB) differ in mechanical and thermal lysis 
approaches, processing time, and cost. All kits use spin column-based purifica
tion and chemical lysis. PS and ZB incorporate bead-beating, and ZB has the 
longest processing time
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Kits. Yield was calculated by multiplying DNA concentration by elution 
volume. Extracts were then shipped to the UK for metagenomics 
sequencing due to current capacity restraints in the makeshift laboratory 
to perform the sequencing in situ.

2.6. Library preparation and sequencing

SM kit produced negligible yields across all conditions and therefore 
did not provide enough material for further analysis. On the contrary, 
DNA extracts from the two adequate-performing kits (PS and ZB) from 
Day 0 and Week 6 samples was selected for metagenomic sequencing. 
Solid-phase reversible immobilisation (SPRI) bead purification was used 
to concentrate DNA prior to library prep. DNA was eluted in 30–70 µL 
depending on the initial yield, aiming for a final concentration of 
15–20 ng/µL. Sequencing libraries were prepared per manufacturer’s 
instructions. Libraries were prepared using the ONT SQK-RBK114.96 
Rapid Barcoding Kit and sequenced on a GridION platform with 
R10.4.1 flow cells (Oxford Nanopore Technologies, UK). The Rapid 
Barcoding Kit was selected instead of the Ligation sequencing kit due to 
a significantly lower cost of sequencing per sample associated with 
reduced need for third-party consumables, as well as ease of use. The 
Rapid Barcoding Kit also allows for a lower input concentration per DNA 
sample for sequencing, which is more appropriate for low-biomass 
samples such as meconium.

2.7. Bioinformatics and taxonomic profiling

Base calling, demultiplexing, and adapter trimming were performed 
using Guppy v6.4.6. Quality control was conducted with SeqKit v2.6.1 
(Shen et al., 2016) and low-quality reads (Q <10, length <100 bp) were 
removed using NanoQ v0.10.0 (Steinig and Coin, 2022).

Filtered reads were taxonomically classified with Kraken2 (v2.1.3) 
(Wood et al., 2019) using the PlusPFP database (January 2024 release 
1/12/2024) (Kraken 2, 2025). Abundances were re-estimated with 
Bracken (Lu et al., 2022) and exported as BIOM-format file using 
Kraken-BIOM (v1.0.1) (Kraken-BIOM,).

2.8. Statistical and diversity analysis

All analyses were performed in R (v4.4.1). Taxonomic BIOM file was 
imported into phyloseq (v1.42.0) and visualised with ggplot2 (v3.5.1). 
Samples were rarefied to equal depth using the rarefy_even_depth 
function and a linear model was used to compare diversity values pre- 
and post-rarefaction. Diversity metrics (Observed, Shannon, Simpson, 
Inverse Simpson) were computed using the alpha function of micro
biome (v1.20.0). Beta diversity was calculated using Bray–Curtis 
dissimilarity and visualised via Principal Coordinates Analysis (PCoA). 
Group differences (by kit and time point) were tested using multivariate 
analysis of variance adonis2 (vegan v2.6.6.1) on Bray-Curtis distance 
matrix and group variance (dispersion) assessed with betadisper that 
handles distances to group centroids followed by permutest for signifi
cance. Raw sequencing reads have been deposited in NCBI under Bio
Project accession PRJNA1260441.

Differences in DNA yield across extraction kits were assessed using 
the Friedman test with Wilcoxon signed-rank post-hoc tests and Bon
ferroni correction. The impact of storage conditions on yield was eval
uated separately for PS and ZB using Kruskal–Wallis tests, followed by 
Bonferroni-adjusted Mann–Whitney U tests (Choo et al., 2015). Wil
coxon signed-rank tests were also used to compare N50 values and read 
quality metrics between kits. Non-parametric tests were selected due to 
small sample size and non-normal data distribution, which are common 
in microbiome studies (Zhang et al., 2024). To further comprehend the 
variation in species abundance and prevalence between Kit and Time 
variables, differential abundance analysis (DAA) was performed using 
statistical models of DESeq2 (v1.46.0), ALDEx2 (v1.38.0) and MaAsLin3 
(v0.99.16). Mixed models were to analyse the impact of two 

independent factors Kit and Time on compositionality of the micro
biome data reducing the effects from repeated measures of individuals. 
A model design of Abundance ~ Kit * Day + (1|Sample) was imple
mented to detect changes in composition of species considering Kit and 
Day as fixed variables along with an interaction term between Kit and 
Day, while accounting for random effects from individuals. The model 
parameters for the three approaches were setup on abundance data with 
TSS normalisation, log transformation, default small_random_effects, 
and significant taxa were recorded if fdr adjusted p-value was less than 
0.05.

3. Results

3.1. DNA extraction yield across protocols

DNA yield varied substantially across the three extraction protocols: 
SM, PS, and ZB. Under same-day extraction without preservation (Day 
0), PS and ZB produced significantly higher yields (median ~2000 ng), 
while SM yielded negligible amounts (Fig. 2). This trend persisted across 
all time points with ZB consistently outperforming both kits; PS showed 
moderate performance, and SM frequently fell below detection limits.

To statistically evaluate these differences while accounting for 
repeated measures, a Friedman test revealed a highly significant varia
tion in DNA yield among the three kits (χ² = 41.18, p = 1.14 × 10⁻⁹). 
Post-hoc Wilcoxon signed-rank tests with Bonferroni correction 
confirmed that both PS and ZB yielded significantly more DNA than SM 
(adjusted p < 0.001), with no significant difference between PS and ZB 
(adjusted p = 0.69).

Further paired comparisons across storage conditions showed no 
significant differences in DNA yield between PS and ZB at any time 
point; Day 0 (p = 0.465), Day 1 (p = 0.524), Day 2 (p = 0.625), or Week 
6 (p = 0.125). These results indicate that both PS and ZB perform 
comparably and reliably across varied storage conditions, supporting 
their use in neonatal stool microbiome studies, particularly in field or 
low-resource settings.

3.2. Impact of storage conditions on DNA yield

Storage conditions had a pronounced impact on DNA yield across all 
extraction protocols. Relative to fresh samples, DNA/RNA Shield-stored 
samples (24–72 h) at –80◦C, 4◦C, and room temperature showed a 
reduction in DNA yield across all kits (Fig. 2). Nevertheless, protocol ZB 
maintained relatively high recovery even after 1–2 days of storage, 
particularly under 4 ◦C and room temperature conditions, whereas PS 
displayed a moderate decline. SM consistently failed to recover DNA 
under any storage condition. After six weeks of storage at 4 ◦C using 
charcoal swabs, both ZB and PS protocols were still capable of extracting 
measurable amounts of DNA, although yields were lower, and vari
ability increased. SM protocol was ineffective under all delayed 
extraction conditions. To assess the significance of these impact, Krus
kal–Wallis tests were conducted separately for the PS and ZB protocols. 
Both showed a statistically significant effect of storage time on the yield 
(PS: χ² = 14.61, p = 0.0022; ZB: χ² = 13.45, p = 0.0038). Post-hoc 
pairwise comparisons using Bonferroni-corrected Mann–Whitney U 
tests revealed that for both kits, DNA yield at Day 0 was significantly 
higher than at Day 1 (adjusted p = 0.024), indicating that substantial 
degradation or loss of extractable DNA occurs within the first 24 h of 
storage. For PS, DNA yield at Day 0 was also significantly higher than at 
Week 6 (adjusted p = 0.036), while no other comparisons reached sta
tistical significance for either kit. These findings underscore the 
importance of same-day processing for maximum DNA recovery, 
particularly in field or low-resource settings where sample storage and 
preservation may be suboptimal.
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3.3. Comparing protocols for read length and distribution

Shotgun metagenomic sequencing was performed on samples 
extracted using PS and ZB protocols at Day 0 and Week 6. SM protocol 
and other time points were excluded from sequencing due to insufficient 
DNA yield. Sequencing produced 2,736,799 and 3,420,942 raw reads for 
PS and ZB samples, respectively. After quality filtering, a mean of 
300,616 reads per sample was retained (SD ± 195,894), with higher 
retained reads observed for ZB (334,794) than PS (266,753). Read 
length distributions revealed that ZB yielded a higher proportion of 
short reads (<1000 bp), whereas PS produced more long reads 
(>10,000 bp), with approximately 140,000 reads exceeding this 
threshold (Supplementary Figure 3).

To assess sequencing read continuity, read N50 lengths were 
compared across the two extraction kits and storage times: D0 and W6 
(Fig. 3). PS generally showed higher N50 values (4936 bp; range: 
1910–6903) than the ZB protocol (3924 bp; range: 2381–5248). At Day 
0, PS showed higher N50 values (Wilcoxon signed-rank test, p = 0.313), 
with a moderate effect size (rank-biserial correlation = 0.60), suggesting 
a trend toward better assembly contiguity. By Week 6, the difference 
was further reduced (p = 0.625; effect size = 0.33), indicating that 
storage may lessen the performance gap between kits.

Comparing read quality metrics between the two kits at Day 0 and 
Week 6 to assess their impact on sequencing performance. Average read 
quality as well as the proportion of bases exceeding Q20 and Q30 

thresholds, were evaluated. At both time points, no statistically signifi
cant differences were observed between kits for any of the three quality 
metrics. Average read quality comparisons yielded p = 0.5625 at Day 
0 and p = 0.4375 at Week 6. Similarly, the proportion of Q20 bases 
showed p = 0.5625 (Day 0) and p = 0.6250 (Week 6), while Q30 base 
proportions resulted in p = 0.8125 (Day 0) and p = 0.6250 (Week 6).

3.4. Bacterial composition across extraction kits and storage times

Taxonomic profiling identified over 400 bacterial species, with the 
20 most abundant species shown in Fig. 4. Both PS and ZB protocols 
yielded broadly similar community profiles when directly comparing 
the same time point. Across all samples, ten species were consistently 
identified in ≥ 70 % of samples: Escherichia coli, Streptococcus salivarius, 
Klebsiella pneumoniae, Enterococcus faecium, Bifidobacterium breve, 
Leclercia spp., Enterococcus faecalis, Bacteroides fragilis, Phocaeicola vul
gatus, and Staphylococcus epidermidis. Among these, E. coli was the most 
abundant, comprising > 25 % relative abundance in three samples.

Some taxa, such as K. pneumoniae and Streptococcus spp., showed 
increased abundance after six weeks of storage, while others like B. breve 
and S. hominis declined. These shifts may reflect community restruc
turing due to microbial competition or selective pressures imposed by 
long-term storage, particularly with charcoal swabs. Overall, taxonomic 
profiles were more consistent between kits than between storage time 
points, suggesting that storage conditions had a larger effect on bacterial 

Fig. 2. Comparison of DNA yield across different storage conditions and extraction kits. DNA yield (ng) measured from neonatal stool samples stored under six 
conditions and extracted using the three protocols: SM, PS and Z). Each bar represents results from five neonates. Fresh, unpreserved samples (Day 0) produced the 
highest DNA yield, particularly with PS and ZB kits. Across preserved and delayed extraction conditions, ZB consistently outperformed SM, while PS showed 
moderate performance. SM kit yielded the lowest DNA yields across all conditions and therefore did not provide enough material for further analysis.
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composition compared to extraction protocol. DAA analyses from the 
three approaches found varying number of significantly abundant spe
cies but most of these species are not shared owing to the differences in 
the model parametrisation, normalisation procedures and zero count 
handling. Most of the abundant taxa appear significant in response to 
storage time compared to Kit. Bacterial genus such as Acinetobacter, 
Atlantibacter, Bifidobacterium, Citrobacter, Clostridioides, Enterobacter, 
Leclercia, Klebsiella, Pseudomonas, Staphylococcus, Streptococcus, Salmo
nella were found to be significantly different among the three ap
proaches (Fig. 6).

3.5. Microbial diversity metrics

Microbial diversity was assessed to evaluate how DNA extraction 
protocol and sample storage conditions influenced gut microbiome 
composition. Alpha diversity was assessed using Observed species, 
Shannon, Simpson, and Inverse Simpson indices (Fig. 5A). Despite dif
ferences in DNA yield and read characteristics, diversity measures were 
largely comparable between PS and ZB protocols. This suggests that both 
methods preserved within-sample microbial complexity equally well, 
even though their efficiency in DNA recovery and read length varied.
Fig. 6

When diversity was compared across storage conditions, Day 
0 samples generally exhibited slightly higher richness (Observed spe
cies) and diversity (Shannon index, p = 0.0479) than those stored for six 
weeks in charcoal swabs. In particular, a reduction in rare taxa was 
inferred from lower values in richness-based metric (Observed, 
p = 0.2382) in the Week 6 samples. This may reflect loss or degradation 
of low-abundance organisms over prolonged storage, or overgrowth of 
hardier taxa that reduced overall evenness (Simpson index, p = 0.0124; 

Inverse Simpson index, p = 0.0613). These trends were consistent across 
both extraction kits, indicating that storage duration and/or storage 
medium, rather than extraction method, had a greater effect on within- 
sample diversity.

Beta diversity was evaluated using Bray–Curtis dissimilarity and 
reduced to principal coordinates via PCoA (Fig. 5B–C). This analysis 
revealed that bacterial community composition clustered more strongly 
by storage time point (adonis2 p = 0.0002) compared to extraction 
protocol (adonis2 p = 0.8250), further suggesting that time-related 
shifts in community structure were more pronounced than kit-related 
biases (average distance to PS centroid = 0.5434, average distance to 
ZB centroid = 0.5646). Specifically, Week 6 samples stored in charcoal 
swabs showed tighter clustering, suggesting reduced inter-individual 
variability or a converging microbial profile after extended storage 
(average distance to Week 6 centroid = 0.4790). In contrast, Day 
0 samples were more dispersed, consistent with greater sample-specific 
variation in freshly collected stools (average distance to Day 0 centroid 
= 0.5717).

4. Discussion

An ideal DNA extraction protocol for long-read metagenomic 
sequencing should lyse a broad range of microbial cells, avoid contam
ination, introduce minimal bias in community structure, and yield high 
concentrations of intact DNA suitable for downstream applications. In 
this study, we evaluated three commercial extraction kits—QIAamp Fast 
DNA Stool Mini Kit (SM), DNeasy PowerSoil Pro Kit (PS), and Zymo
BIOMICS DNA Miniprep Kit (ZB) for their performance in extracting 
DNA from neonatal stool samples under real-world conditions in a 
resource-limited setting.

Fig. 3. Comparison of read-level N50 across DNA extraction kits and storage times. (Top) Boxplot comparing read level N50 values obtained using the PS and ZB 
protocols,combining data from both Day 0 and Week 6. Samples processed with the PS kit generally yielded higher N50 values, indicating more contiguous as
semblies. (Bottom) Boxplot comparing N50 values between samples processed on Day 0 (fresh) and after 6 weeks of storage (Week 6). Reads from fresh samples had 
higher and more variable N50 values compared to those stored long-term, suggesting that delayed processing may reduce genome assembly quality. Coloured dots 
represent individual samples (S1–S5).
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Our results demonstrate that both the choice of DNA extraction kit 
and sample storage conditions have a significant impact on DNA yield 
from neonatal stool. Among the three kits tested, the bead-beating-based 
kits; PS and ZB consistently outperformed chemically based SM kit, 
which yielded negligible DNA even under optimal conditions. This 
finding is consistent with previous studies highlighting the importance 
of bead-beating for efficient lysis and accurate microbial profiling from 
stool samples (Fernández-Pato et al., 2024; Zhang et al., 2021; Yang 
et al., 2020). Results herein therefore emphasise that access to and in
vestment in convenient and efficient bead-beating related equipment 
and consumables must be a priority to enable metagenomics research in 
resource-limited settings.

DNA yield was highest when samples were extracted fresh, on the 
same day of collection, without preservatives. Both PS and ZB kits 
produced median yields near 2000 ng under these conditions, while SM 
yielded close to zero. Across all subsequent storage durations, 1 day, 2 
days, and 6 weeks DNA yield declined substantially, particularly within 
the first 24 h. This trend was statistically significant for both PS and ZB, 
indicating that early degradation or reduced recovery efficiency occurs 
quickly after collection. DNA yield remained stable between Day 1 and 
later time points, suggesting that most yield loss happens rapidly and 
plateaus thereafter. Notably, while PS and ZB yields declined over time, 
there was no significant difference between them at any storage point, 
reinforcing their comparable performance. These findings underscore 
the critical importance of immediate DNA extraction or effective sample 
stabilisation, particularly in low-resource settings where cold chain 
infrastructure is limited. Delays in processing, even by one day, can 
markedly reduce DNA recovery, potentially compromising downstream 
microbiome analysis and reducing study power.

Importantly, prior work has shown that while microbial richness and 
alpha diversity remained relatively stable across storage durations, the 

most pronounced shifts in community composition occurred within the 
first 24 h of storage at 4 ◦C (Holzhausen et al., 2021). This early 
compositional change, measured by Bray–Curtis dissimilarity, un
derscores that even short delays can alter microbial structure, further 
emphasising the need for immediate stabilisation or extraction in 
microbiome studies involving low-biomass samples. Selecting robust 
extraction methods and minimising storage time are therefore essential 
considerations for field-based microbiome studies, especially in 
neonatal and low-biomass contexts (Goodrich et al., 2014).

Beyond yield, sequence read quality and microbial community 
structure recovered by PS and ZB was largely comparable. For instance, 
no statistically significant differences were observed in average read 
quality or in the proportion of high-quality reads (Q20 +, Q30 +) across 
kits or time points (p > 0.4 for all comparisons). This finding aligns with 
previous studies reporting that while DNA extraction protocols can in
fluence downstream metagenomic assembly and taxonomic profiling, 
they have limited impact on base-calling quality when high-integrity 
DNA is available for sequencing (Maghini et al., 2021). The consis
tency in read quality across kits is encouraging for resource-limited 
settings, where kit availability, reagent access, and cold chain limita
tions can complicate sample processing. In such contexts, the ability to 
maintain sequencing accuracy regardless of extraction method increases 
flexibility in field protocols, particularly when long-read sequencing 
platforms like Oxford Nanopore are used. However, as demonstrated in 
our study, extraction methods still play a critical role in DNA yield and 
assembly contiguity, both of which are essential for genome-resolved 
metagenomics, highlighting the need for careful selection of protocols 
based on both practical constraints and downstream goals.

Furthermore, taxonomic profiles at both Day 0 and Week 6 were 
similar between the two protocols, with shared detection of dominant 
species such as E. coli, K. pneumoniae, and B. breve. While slight 

Fig. 4. Species-level taxonomic composition of neonatal stool samples extracted using protocols PS and ZB across two time points. Bar plots show the mean relative 
abundance of bacterial species detected in five neonates (S1–S5) using protocol PS and ZB at Day 0 (D0) and after 6 weeks of storage at 4 ◦C (W6).
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differences in relative abundance were observed, particularly in long- 
term stored samples, both kits preserved community diversity to a 
similar extent. Importantly, both protocols also showed comparable 
performance in alpha diversity metrics (Shannon, Simpson, Inverse 
Simpson), while beta diversity analysis revealed that storage duration 
and time to extraction from collection, not extraction protocol, had the 
greater influence on community composition. These findings align with 
those of Fernández-Pato et al. (2024) (Fernández-Pato et al., 2024), who 
reported that while DNA extraction methods can introduce composi
tional biases, the inclusion of bead-beating steps improves microbial 
representation, especially for gram-positive taxa. However, they also 
emphasised that standardised protocols are critical, as methodological 
variability can confound phenotype-microbiome associations more than 
biological factors alone.

The observed decline in DNA yield and diversity with delayed pro
cessing has practical implications for field-based microbiome studies. In 
such settings, immediate DNA extraction is often unfeasible due to un
predictable neonatal bowel habits, limited laboratory infrastructure, 
and delays in sample transport. Our results demonstrate that DNA can 
still be reliably extracted after up to six weeks of storage at 4 ◦C in 
charcoal swabs, particularly when using the PowerSoil and ZymoBIO
MICS kits.

These findings align with those of Nel Van Zyl et al. (2020), who 
reported minimal bias in microbial profiles when stool samples were 
stored for 48 h at room temperature or in cool boxes, compared to im
mediate freezing at –80 ◦C. This supports the feasibility of using 

alternative, non-freezing storage methods in resource-limited 
environments.

Notably, samples preserved in DNA/RNA Shield yielded unexpect
edly low DNA concentrations in our study, suggesting potential in
compatibility between some commercial preservatives and specific 
extraction kits. While DNA/RNA Shield is marketed for long-term 
nucleic acid stabilisation, our findings, and those of others, (Choo 
et al., 2015; Tap et al., 2019) indicate that its performance is highly 
dependent on both the extraction kit and storage conditions. This un
derscores the need for clearer guidance regarding preservative–kit 
compatibility in microbiome workflows. In our setting, charcoal swabs 
offered a more reliable alternative to preservative-based storage for 
medium-term field applications, albeit assessing estimates of relative 
abundance in addition to microbial composition may be limited.

A key operational consideration in LMICs is the feasibility of 
implementing microbiome workflows at scale. Although PS-extracted 
samples tended to yield longer reads and slightly higher median DNA 
concentrations, the variability across samples and limited sample size 
precluded statistical significance. These results suggest that both kits 
perform comparably in terms of DNA yield under the tested conditions. 
Nevertheless, while both PS and ZB kits performed well in terms of DNA 
yield and diversity, PS offered several practical advantages. It required a 
shorter processing time (~1.5 h for 12 samples), used fewer components 
(reducing the risk of user error), and achieved longer read lengths, 
critical for high-quality metagenomic assembly and increased resolution 
of repetitive regions. The ZB protocol, although effective, required more 

Fig. 5. Alpha and beta diversity of neonatal stool microbiomes by extraction kit and storage time. (A) Boxplots of alpha diversity indices Observed (p = 0.3863), 
Inverse Simpson (p = 0.4889), Simpson (p = 0.6430), and Shannon (p = 0.9487) comparing DNA extracted using protocols PS and ZB. (B) Principal Coordinates 
Analysis (PCoA) based on Bray-Curtis dissimilarity showing minimal clustering by extraction kit (PS vs. ZB, p = 0.548). (C) PCoA plot showing separation of samples 
by storage duration (Day 0 vs. Week 6, p-value = 0.008).
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handling steps and a longer bead-beating time (~40 min), which could 
increase turnaround time and introduce logistical bottlenecks in high- 
throughput settings. Additionally, kit design such as the use of similar- 
looking columns in ZB may increase the risk of workflow errors in 
constrained laboratory environments.

This study had several limitations. First, our small sample size 
limited statistical power and precluded robust testing of subtle differ
ences in taxonomic profiles. Negative and positive controls (Zymo) were 
not sequenced in this study as the focus was on applicability of DNA 
extraction in a resource-limited setting but will be in our prospective 
cohort observational study designed following this feasibility study. 
Likewise, metagenomics sequencing was performed in the UK due to 
insufficient laboratory infrastructure, however, with continued de
velopments in ONT approaches we envisage future research to adopt an 
end-to-end sample collection, extraction and sequence generation 
locally. Additionally, the lack of metadata (e.g., mode of delivery, 
feeding type) prevented analysis of host-associated factors that may 
influence neonatal microbiota composition. While not a focus of this 
study, future investigations should incorporate such metadata to better 
contextualise microbiome variation and validate findings across larger 
cohorts.

4.1. Conclusion and LMIC implications

In conclusion, our results show that mechanical lysis-based extrac
tion protocols (PS and ZB) are better suited for neonatal stool samples, 
producing higher DNA yields than chemical lysis-based method. While 

PS and ZB kits are compatible with long-read sequencing producing 
similar taxonomic composition, PowerSoil (PS) provides a practical edge 
for LMIC implementation due to faster processing, fewer handling steps, 
and superior read length generation. Moreover, our findings reinforce 
the importance of timely sample processing, preferably within 24 h or 
using reliable preservation strategies such as charcoal swabs to minimise 
community drift.

To advance microbiome research in resource-limited settings, it is 
critical to not only select scientifically robust methods but also prioritise 
operational feasibility. DNA extraction protocols should be chosen not 
just for performance, but for their adaptability to LMIC contexts, where 
electricity, cold chain storage, and access to consumables may be 
inconsistent. Manufacturers and funders alike have a role in supporting 
sustainable, scalable and accessible solutions tailored to these environ
ments. By grounding microbiome research in context-sensitive methods, 
we can improve data quality, promote reproducibility, and ensure 
broader global participation in microbiome science.

Funding

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. This 
research was funded by the Ineos Oxford Institute, University of Oxford. 
Chinenye Akpulu’sDPhil is supported by the Interdisciplinary Bioscience 
Doctoral Training partnership and Ineos Oxford Institute both at the 
University of Oxford.

Fig. 6. Differentially abundant species identified by MaAsLin3 in response to DNA extraction kit and storage time. The left panel shows coefficient plots of significant 
associations with either kit (PS vs ZB) or storage time (Day 0 vs Week 6). Point shapes represent the type of association (abundance or prevalence), and colours 
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