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Highlights
Microbiome studies often draw conclusions from differentially abundant OTUs or sequences
between a priori groups. These statistically significant findings are frequently found in low
abundance populations, which raises questions on reproducibility and accuracy. Application of
internal standards will be a key enhancement to validating complex workflows and statistical
methods.
We designed and manufactured three spike-in mixes. Each internal standard mix contains 69
unique NIST-sourced sequences over six orders of magnitude. Performance of the mixes was
evaluated in 35 unique workflows for sequence processing (e.g. UPARSE and DADA2) and
differential abundance testing (e.g. DESeq2, metagenomeSeq, edgeR, and t.test). Each workflow
was ranked on performance metrics relating to accuracy, sensitivity, and specificity in detecting
‘true’ fold changes. For the first time, confidence estimates for differential abundance analyses
can be directly determined for a microbiome 16S rRNA NGS study.
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A) Each spike is an artificial construct with an internal non-16S
sequence sourced from NIST Standard Reference Materials
(SRM 2374). Spike sequences covered a range of GC content
(~35-60% GC) to mimic known sequence variability. All spikes
were constructed to be PCR-ready.
B) Three unique spike mixes were manufactured. Each of the
three mixes included all 69 unique PCR-ready spikes at varying
concentrations over six orders of magnitude, ranging from 0.1120,000 copies per PCR reaction (B). At least three unique
spikes were included at every abundance level in all three mixes.

A stool DNA sample was PCR amplified using
16S rRNA V4 PCR primers in replicate (n=10)1
with one of the spike mixes (n=3). A total of 30
unique PCR libraries were purified, quantified,
pooled equimolar, and sequenced in a single run
on an Illumina MiSeq. Raw reads were
demultiplexed and processed through a
sequencing processing workflow (n=7)2 to build
one abundance and taxonomy table for each
workflow.
Differential abundance tests (n=5)3 were
performed on each set of abundance and
taxonomy tables, which resulted in a total of 35
unique sequence analysis workflows.
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We applied the 16S V4 PCR protocol as described in Caporaso et al (2011) PNAS.
UPARSE: Edgar (2013) Nature Methods; DADA2: Callahan et al (2016) Nature Methods; STRAIN14 and STRAIN refer to Second Genome’s proprietary strain-specific annotation platform.
DESEq2: Love et al (2014) Genome Biol; mtgSeq: Paulson et al (2013) Nature Methods; edgeR: Robinson et al (2010) Bioinformatics; t test: R Core Team (2017) https://www.R-project.org/.

Since the same stool DNA
extract was used for all
libraries, all 16S ASVs or
OTUs and non-dynamic
spikes were expected to
yield statistically
insignificant shifts. All shifts
with an adjusted p <0.05 for
these ASVs, OTUs, or spikes
were considered as ‘false
positive’ shifts.
B) Performance metrics
were evaluated using each
workflow’s confusion matrix.
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A) Differential abundance
results for each spike were
categorized into a confusion
matrix as a true positive,
true negative, false positive,
or false negative relative to
the expected shift in the
spike mix design.
A differential abundance
test result with an adjusted
p <0.05 was considered a
‘positive’ shift.

Internal Standards – Spike Mix Design

Wet-lab and sequence analysis methods

Workflow Evaluation

By including spikes with high, low, or no shift between
mixes, we were able to validate the efficacy of our end-toend workflow.
Application of DADA2 on all sequence data prior to read
mapping annotation to taxonomic reference databases
also improved all metrics. The lowest value (q=2) provided
the most balanced performance in our analysis.
DESeq2 (poscounts, shown on right) consistently
outperformed the other methods with the study size
(n=30, 10 per group) tested.
None of the tested workflows were perfect in all metrics.
The most appropriate workflow may differ based on
downstream applications and the user’s tolerance of
specific types of error.

