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a b s t r a c t

Many recent studies rely on 16S rRNA-based sequencing approaches to analyze bacterial or archaeal
communities found in soil and other environmental samples. While this approach is valuable for
determining the relative abundances of different microbial taxa found in a given sample, it does not
provide information on how the abundances of targeted microbes differ across samples. Here we
demonstrate how the simple addition of an internal standard at the DNA extraction step allows for the
quantitative comparison of how the total abundance of bacterial 16S rRNA genes varies across samples.
The reliability of this method was assessed in two ways. First, we spiked a dilution series of two different
soils with internal standards to ascertain whether we could accurately quantify differences in cell
abundances. We tested two different internal standards, adding DNA from Aliivibrio fischeri or Thermus
thermophilus, bacterial taxa unlikely to be found in soil. The total abundances of 16S rRNA genes in soil
were calculated from the number of 16S rRNA genes of the internal standard recovered in the sequence
data. Both standards allowed us to accurately quantify total gene abundances in soil as there was a strong
positive correlation between total 16S rRNA gene estimations and the different starting amounts of soil
extracted. We then tested whether we could use this approach to quantify differences in microbial
abundances across a wide range of soil types; comparing estimated 16S rRNA gene abundances measured
using this approach to microbial biomass determined with more standard methods: phospholipid fatty
acid (PLFA) analysis and substrate induced respiration (SIR) analysis. The gene abundances estimated
with the internal standard sequencing approach were significantly correlated with the independent
biomass measurements, and were in fact better correlated to SIR and PLFA estimates than either of these
two biomass measurements were correlated with one another. Together, these results demonstrate that
adding a DNA internal standard to soil or other environmental samples prior to DNA extraction is an
effective method for comparing bacterial 16S rRNA gene abundances across samples. Given the ease of
adding DNA internal standards to soil samples prior to high-throughput marker gene sequencing, 16S
rRNA gene abundances and bacterial community composition can now be determined simultaneously
and routinely.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

High-throughput sequencing has revolutionized the field of soil
microbial ecology. In particular, 16S rRNA gene sequencing has
provided unprecedented insight into the diversity of soil microbial
communities, and it is now commonly used to characterize bacte-
rial and archaeal communities in soil or related environments.
However, one important limitation of this approach is that it only
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Fig. 1. Overview of the workflow. Two hypothetical soil samples, one with high and
another with low total amounts of bacteria are processed with an internal standard.
This method results in both an overview of community composition and an estimate of
cell abundances per sample.
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provides estimates of the proportional abundances of taxa e it
provides no information on how the total amounts of microbial
DNA may vary across samples. This can cause problems in the
interpretation of results. For example, consider two samples that
both have 20% of 16S rRNA sequences assigned to the phylum
Acidobacteria. Such information can be used to assess how the
abundance of Acidobacteria compares to other taxa, but this does
not tell us anything about the total numbers of bacteria in these two
samples and one sample could have far more Acidobacteria than
another if it had a higher total number of bacterial cells. Likewise,
two samples could appear to have very different proportional
abundances of 16S rRNA reads assigned to a bacterial taxon of in-
terest (e.g., a bacterial pathogen), but these two samples could
actually have the same number of cells belonging to that taxon.
Changes in bacterial community composition can also be difficult to
interpret when relying on proportional abundances since it is often
difficult to differentiate between one taxon increasing in abun-
dance and another decreasing in abundance. Thus, the proportional
nature of marker gene datasets makes it impossible to compare
how the total amounts of microbes (or their marker genes) vary
across environmental samples that could have very different total
cell numbers.

While there are a myriad of non-nucleic acid techniques for
estimating total microbial biomass in soil or other environments
(including phospholipid fatty acid analysis, substrate induced
respiration, chloroform fumigation, and direct counting) e these
methods are difficult to relate directly to the relative abundances as
determined by 16S rRNA gene sequencing. This is due to the fact
that these methods do not provide direct information on the
amounts of 16S rRNA gene copies in a given sample, but instead
represent other metrics of cell abundances (e.g., amounts of
phospholipid fatty acids, amounts of chloroform-extractable mi-
crobial biomass carbon, or numbers of visible cells). Perhaps more
importantly, these approaches for estimating soil microbial
biomass can require significant added effort, they may require
analyzing fresh (unfrozen) samples, and they often do not
discriminate between prokaryotes and other organisms that can be
abundant in soil (like fungi, protists, plants, or soil fauna). Likewise,
total DNA yield is not typically considered a useful estimate of
bacterial biomass as much of the DNA in soil comes from soil or-
ganisms that are not bacteria (Leckie et al., 2004) and DNA
extraction efficiencies can vary dramatically across soil types
(Frostegård et al., 1999; Cruaud et al., 2014). While quantitative PCR
is frequently used to determine the number of 16S rRNA genes in a
given sample (e.g. Fierer et al., 2005), this requires an additional
step in the analyses, and the quantitative PCR analyses are also
subject to biases due to differences in DNA extraction efficiencies
and varying DNA amplification efficiencies across samples (Martin-
Laurent et al., 2001; Fierer et al., 2005).

Clearly it is useful to have amethod in place to directly relate 16S
rRNA gene sequence data to estimates of the total amount of 16S
rRNA genes found in a given sample to improve our understanding
of the changes in taxon abundances underlying spatial or temporal
differences in community composition. Here, we describe amethod
that couples sequencing-based analyses of the 16S rRNA gene for
the assessment of microbial diversity with the determination of the
variability in 16S rRNA gene abundances across samples, thus
allowing the comparison of the actual abundances of different
microbial taxa across samples, not just their proportional abun-
dances. The approach involves adding DNA from a bacterium un-
likely to be found in soil to the soil sample at the DNA extraction
step. We then use the proportional representation of 16S rRNA
reads from this organism to calculate how the total abundances of
16S rRNA genes vary across samples (Fig. 1). By adding this simple
step to pipelines for 16S rRNA gene analyses, one can
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simultaneously compare how the diversity and abundances of soil
bacteria vary across samples.

2. Materials and methods

2.1. General description of the approach

Our general approach is outlined in Fig. 1. For convenience, we
define cell abundances in this manuscript as 16S rRNA gene
abundances, although we recognize that the conversion from 16S
rRNA gene numbers to bacterial cell abundances should be done
with caution as the number of 16S rRNA gene copies per cell can
vary from one to fifteen (Lee et al., 2009). Prior to DNA extraction,
we add an internal standard to permit estimation of 16S rRNA gene
abundances across soil samples. This internal standard is DNA from
a bacterial strain unlikely to be found in soil and the same amount
of internal standard DNA is added to each sample prior to DNA
extraction. After DNA extraction, a portion of the 16S rRNA gene is
PCR amplified following a standard protocol described previously
(Caporaso et al., 2012) with sequencing of the amplicon DNA pool
conducted on the Illumina platform. From the DNA sequence data,
we used the percentage of 16S rRNA reads of the internal standard
versus the 16S rRNA reads from the native soil bacterial community
to estimate the total abundance of 16S rRNA genes in a given
sample.

2.2. Internal standard

The internal standards were aliquots of DNA extracted from
bacterial strains that do not typically occur in soil samples and are
not closely related to any common soil bacterial taxa. We selected
two such taxa, Aliivibrio fischeri and Thermus thermophilus, as these
taxa are not considered typical soil inhabitants, but instead are
commonly associatedwithmarine animals (Visick andMcFall-Ngai,
2000) and geothermal environments (Oshima and Imahori, 1974),
respectively. We checked whether these species were indeed un-
common in soil by looking for 16S rRNA sequences from these taxa
in previously published datasets: 52 soils collected from across the
globe and 52 soils from Central Park in New York City (Ramirez
et al., 2014) plus a set of grassland soils collected from 25 sites
from across the globe (Prober et al., 2015). Both bacterial strains
were purchased from DSMZ (Braunschweig, Germany). A. fischeri
(DSM 507) was grown at room temperature on tryptic soy agar (BD,
Franklin Lakes, NJ, USA) complemented with 3% of NaCl (Fisher
Scientific, Pittsburgh, PA, USA) (Tavares et al., 2010). T. thermophilus
(DSM 46338) was grown at 72 �C on tryptic soy agar complemented
with Bacto Agar (BD, Franklin Lakes, NJ, USA), 4 g L�1 of yeast
extract (Sigma, St. Louis, MO, USA), and 3% of NaCl; the pH of this
medium was adjusted to 7.5 (Wilquet et al., 2004). DNA from col-
onies was extracted using the PowerSoil® DNA Isolation Kit
(MoBio, Carlsbad, CA, USA) following the manufacturer's in-
structions. DNA concentrations of these internal standards were
determined using the PicoGreen dsDNA assay (Invitrogen, Carlsbad,
CA, USA).

2.3. Molecular analyses

Before DNA extraction, genomic DNA (gDNA) of A. fischeri or
T. thermophilus was added to the mixture of soil and the bead so-
lution at the first step of the PowerSoil® DNA Isolation Kit (MoBio,
Carlsbad, CA, USA). The amount of internal standard added to each
of the soil samples was calculated using the average DNA extraction
yield of the 116 distinct soil samples (described below), with DNA
concentrations quantified via a PicoGreen dsDNA assay. We added
gDNA from the internal standards at an amount equivalent to either
0.1% or 1.0% of this average DNA yield (28 mg DNA per gram soil
across the subset of soils tested). Thus, the specific amount of in-
ternal standard DNA added to each soil was held constant at either
28 or 280 ng DNA per gram soil (for the 0.1 and 1.0% levels,
respectively). These internal standard amounts were selected as we
wanted to have enough 16S rRNA reads from the internal standard
so we could estimate the relative abundance of these reads with
confidence but not so many that we would be prevented from
assessing the composition of the native soil bacterial communities.

After DNA extraction, a portion of the 16S rRNA gene was
amplified using the 515f/806r primer set with the primers con-
taining the appropriate Illumina adapters and 12-bp barcodes to
permit multiplexed sequencing on the Illumina platform (Caporaso
et al., 2012). This primer set is designed to amplify the V4eV5 re-
gion of the 16S rRNA gene from both Archaea and Bacteria and is
commonly used for the taxonomic analyses of bacterial and
archaeal communities found in environmental samples (Caporaso
et al., 2012). PCR conditions followed those described previously
(Caporaso et al., 2011). Each sample was amplified in triplicate and
the amplicons from each sample were pooled prior to normaliza-
tion using the SequalPrep™ Normalization Plate Kit, 96 Well
(Invitrogen). Amplicons were then pooled together and sequenced
on the Illumina MiSeq platform at the University of Colorado Next
Generation Sequencing Facility, generating 2 � 150 bp paired-end
reads. The sequences were demultiplexed using a custom Python
script (‘prep_fastq_for_uparse_paired.py’, available at: https://
github.com/leffj/helper-code-for-uparse). The UPARSE pipeline
(Edgar, 2013) was used to merge the demultiplexed sequences,
conduct quality filtering, and cluster sequences into operational
taxonomic units (OTUs). Tomerge the paired-end sequences, we set
a minimum overlap of 20 bp with a maximum of onemismatch and
merged reads had to be more than 200 bp in length. A maximum
per sequence expected error frequency value of 0.5 was used to
quality-filter sequences. Clustering was done at the�97% similarity
level, and the merged raw reads were mapped to the clustered de
novo database at 97% similarity. Taxonomy was assigned using the
RDP classifier (Wang et al., 2007) trained on the Greengenes
database (version 13_08). Chloroplast and mitochondrial OTUs
were removed and samples with <2500 reads were excluded from
downstream analyses.

To determine the number of 16S rRNA genes found in each
extracted soil sample (x) from the sequence data, we used the
following equation:

Ri
Rs

¼
wi
gi
*ci
X

0X ¼
Rs*

�
wi
gi
*ci

�

Ri

where Ri is the number of reads assigned to the bacterial taxon used
as the internal standard (either A. fischeri or T. thermophilus), Rs is
the number of reads assigned to other taxa that were found in the
soil, wi is the weight of internal standard gDNA added to the
samples, gi is theweight of the genome of the internal standard, ci is
the 16S copy number of the internal standard, and x is the (initially
unknown) number of 16S rRNA genes per sample. To calculate x, we
assumed a 16S rRNA gene copy number of eight and a weight of
4.49*10�15 g per A. fischeri genome, and a 16S rRNA gene copy
number of two and a weight of 2.16*10�15 g per T. thermophilus
genome (Dolezel et al., 2003; Hallin and Ussery, 2004). The DNA of
the internal standard was added before DNA extraction so that if
DNA extraction yields varied between samples, such variation
would not interfere with this calculation as long as we assume that
the recovery of DNA from the internal standard and the recovery of
DNA from the native bacterial cells are similar. Even when this
condition is not met, the comparison of bacterial 16S rRNA gene
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abundances between samples should be unaffected by higher (or
lower) extraction efficiencies of the internal standard than of the
soil bacteria as long as the bias in extraction efficiencies is held
reasonably constant across all of the samples tested. That is, as long
as the efficiency of recovering the DNA from the internal standard is
similar across all of the samples examined, we should still be able to
quantify changes in total 16S rRNA gene abundances across a
collection of soil samples.

2.4. Testing the approach with a soil dilution series

To test whether the 16S rRNA gene abundance estimates were
correlated with the amounts of starting material analyzed, we
added standards to different amounts of the same soil, using a 5-
fold dilution series. As it is difficult to directly weigh out and
quantitatively extract DNA from increasingly small amounts of soil,
we effectively extracted DNA from soil samples ranging in size from
0.03 g to 0.50 g by serially diluting two individual soils in buffer and
then extracting DNA from each of the dilutions.We generated serial
dilutions from two different soil types. One grassland soil was
collected at a depth of approximately 20 cm from Table Mountain
near Boulder, CO (40.13 �N, 105.24 �W) on January 28, 2015.
Another soil was collected from the main campus of the University
of Colorado at Boulder (40.01 �N, 105.27 �W), at a depth of
approximately 5 cm, on February 27, 2015. Samples were stored
at �20 �C until DNA extraction.

We made a dilution series of each soil type by suspending the
soil in DNA-protecting buffer (the ‘Bead Solution’ from the MoBio
DNA isolation kit), homogenizing the slurry by vortexing, and
serially diluting the slurries. Negative controls consisting only of
the bead solution were also included. We added gDNA from either
A. fischeri or T. thermophilus to each individual extraction tube. The
amounts corresponded to either 0.1% or 1% of total DNA that we
expected to extract from the soil sample, adding the same amount
of gDNA from A. fischeri or T. thermophilus to all soils included in
each dilution series. We added four different amounts and types of
internal standard DNA (0.1% A. fischeri, 0.1% T. thermophilus, 1%
A. fischeri and 1% T. thermophilus), with all samples processed in
triplicate yielding 60 samples in total. We compared the weights of
the extracted soil samples from the dilution series to the estimated
16S rRNA gene numbers using linear regression analyses as
implemented in the R software package (R Development Core
Team, 2012).

2.5. Testing the approach across a wide range of soil types

We assessed the efficacy of the internal standard method by
comparing estimates of 16S rRNA abundances obtained with this
method to microbial biomass estimates obtained using PLFA and
SIR on a wide range of soils. In addition, we used these data to
determine whether adding gDNA from the internal standards
altered assessments of bacterial and archaeal community compo-
sition across the soils. We used 116 soil samples collected from 10
locations across the United States (Fig. S1; forested and non-
forested samples from each location). These soils were chosen as
they represent a broad range in edaphic properties and microbial
biomass levels (Table S1 and Table S2). Individual samples from
each location were exposed to glucose and temperature manipu-
lation experiments (Table S1) to test our methodology in a range of
soil sample types incubated under different conditions.

Microbial biomass was measured in these samples using two
different non-nucleic acid methods that are commonly used by soil
ecologists. PLFA analyses were used to determine bacterial biomass
per gram of dry soil, as described previously (Crowther et al., 2014),
by summing the abundance of 36 individual fatty acidmethyl esters
identified by MIDI software (Microbial Identification Inc., Newark,
Delaware) as being produced by either gram-negative or gram-
positive bacteria and actinomycetes. In addition, we used the SIR
method that estimates microbial biomass from measured rates of
microbial respiration in soils amended with a labile carbon sub-
strate following Fierer et al. (2003).

To assess potential effects of internal standard additions on the
determination of bacterial community composition in the samples,
DNA from each soil sample was extracted twice: once without the
DNA from the internal standard added and once with 7 ng of in-
ternal standard DNA added (which corresponds to approximately
0.1% of the average DNA yield of a sample). For these tests, we used
gDNA from A. fischeri as the internal standard. The estimated con-
centration of 16S rRNA genes was determined using the internal
standard method described above. Spearman rank correlation co-
efficients between PLFA or SIR estimates of microbial biomass and
our estimates of 16S rRNA gene abundances were determined using
R software package (R Development Core Team, 2012). We used
Spearman rank correlations as the data were not normally
distributed and did not meet the assumption of homogeneity in
variance.

To assess whether the addition of an internal standard affects
the determination of community composition, the internal stan-
dard reads (those reads classified as A. fischeri) were removed from
the original data, and the samples were rarefied by sub-sampling a
set number of 16S rRNA sequences per sample to control for dif-
ferences in library size (Goodrich et al., 2014). The composition of
the communities in the spiked versus the non-spiked replicates of
each soil sample were compared using the Mantel test (10000
permutations) with differences in community composition
assessed using pair-wise BrayeCurtis distances (using the vegan
package in R (vegan.r-forge.r-project.org/)). In addition, the relative
abundances of the main phyla and sub-phyla were compared be-
tween the soils with and without internal standard. The corre-
sponding linear models were evaluated and the median and range
of the relative abundances of each of the dominant bacterial groups
were calculated for the group of samples receiving internal stan-
dard and for the group of samples that did not receive the internal
standard DNA.

3. Results and discussion

3.1. Selection of internal standards to add to soil

We confirmed that our sources of internal standard DNA, from
A. fischeri and T. thermophilus, do not commonly occur in soil by
looking for these taxa (or closely related taxa) in previously pub-
lished datasets that span a wide range of soil types. No sequences
>97% similar to 16S rRNA gene sequences from A. fischeri and
T. thermophilus were found in any of these collections of soil sam-
ples. In addition, when we screened the 116 soil samples used to
test this method (Table S1), 16S rRNA sequences >97% similar to
A. fischeri or T. thermophiluswere very rare, averaging<0.0028% and
<0.0003% of all 16S rRNA sequences obtained from these samples,
respectively. Hence, we assume that the abundance of 16S rRNA
gene sequences from the addition of these internal standards
should be largely unaffected by the presence of these taxa native to
the soil samples.

3.2. Dilution series

The dilution series were set up to assess whether the internal
standard read abundance accurately reflects changes in the amount
of soil extracted (from 0.03 g to 0.5 g of soil). To verify whether the
method works in different conditions, two types of internal
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standards were added to two different soils. The linear regressions
(Fig. 2) show that the amount of soil extracted and the estimated
16S rRNA gene abundances, determined using our internal stan-
dard approach, were well correlated (R2 ¼ 0.67e0.96, P < 0.001).
These correlations were found for both internal standard strains
(either A. fischeri or T. thermophilus) and regardless of whether we
added 0.1% or 1% of internal standard DNA to each sample (Fig. 2).

These results indicate that the abundances of internal standard
reads allowed us to estimate expected differences in soil rRNA gene
abundances, a proxy for microbial cell biomass. The estimates of
total 16S rRNA gene abundances did, however, vary depending on
the bacterial strain used for the internal standard (Fig. 2). These
different estimates are likely due to differences in DNA extraction
efficiencies and/or amplification efficiencies between the two in-
ternal standard strains. Hence, the different results of A. fischeri
versus T. thermophilus indicate that all samples in a given study
should be analyzed using the same strain as an internal standard to
allow comparison of 16S rRNA gene abundances between samples.

3.3. Cross-sample analyses

Correlations between the two independent measures of mi-
crobial biomass, PLFA and SIR, and the 16S rRNA gene abundance
estimates obtained using the internal standard/sequencing
approach were compared for the 110 distinct soil samples (Fig. 3).
Across all of the soils analyzed, there was a high degree of vari-
ability in estimated abundances, regardless of the metric used
(Fig. 3). For example, PLFA estimates of bacterial abundances varied
by 30-fold across all samples and estimates of 16S rRNA gene
abundances varying by 210-fold across the samples (Fig. 3). This
level of variability was expected given that the soils were collected
from awide variety of ecosystem types and represent a broad range
in geographical locations, incubation conditions, and edaphic
characteristics (Tables S1 and S2). We found significant correlations
between 16S rRNA gene concentrations determined using the in-
ternal standard method and biomass estimates determined using
SIR (r ¼ 0.57; P < 0.001) and PLFA analysis (r ¼ 0.71; P < 0.001;
Fig. 3).

PLFA quantifies cell membrane constituents and is a commonly
used method for determining microbial biomass in soils and it al-
lows for the discrimination of biomass derived from bacteria versus
other soil organisms (Frostegård et al., 2011). The SIR method
Fig. 2. Relationships between the quantity of soil material extracted and the estimates of 16
two dilution series of the ‘Table Mountain’ soil are shown in panel A: one with 0.1% T. therm
‘campus’ soil are depicted in panel B: one with 1% T. thermophilus and the other with 1% A.
the dilution solution and internal standard.
measures catabolic activity (CO2 production shortly after addition
of a labile substrate) and does not discriminate between bacteria
and other soil organisms, like fungi, that could account for a large
proportion of catabolic activity. In addition, SIR does not detect
bacteria that are alive, but not capable of rapidly catabolizing the
added substrate. The PLFA values can therefore be considered a
better reflection of total bacterial biomass than SIR (Bailey et al.,
2002) and indeed our PLFA estimates of bacterial biomass
showed a stronger correlation with the estimated 16S rRNA gene
abundances. Interestingly, the estimates of 16S rRNA gene abun-
dances were better correlated with both PLFA and SIR data than
these non-molecular biomass estimates were correlated with one
another. It is nearly impossible to know true microbial abundances
in soil as every one of these techniques has important limitations
(including techniques not tested here, such as direct counting and
chloroform fumigation-extraction (Bradford et al., 2009)), with
previous work showing that the correlation in biomass estimates
obtained using non-molecular methods is often surprisingly low
(Bailey et al., 2002). Thus, these results highlight that using the
internal standard to estimate cell abundances is at least as effective
as other commonly-used methods to determine microbial abun-
dances in soil. However, we note that the approach described here
has the added advantage of simultaneously providing information
on the diversity and composition of soil bacterial communities,
with minimal added effort.

We tested whether the addition of an internal standard biases
the determination of microbial community composition. If adding
the genomic DNA for the internal standard strongly alters the
apparent composition of the microbial communities, this approach
may not be reliable for the simultaneous determination of both
community composition and 16S rRNA gene abundances. After
removing the A. fischeri reads from the spiked samples, all samples
were rarefied to a sequencing depth of 9067 16S rRNA reads per
sample. We compared the pairwise dissimilarities between the 110
remaining samples that received the internal standard and the
same samples that were processed in an identical manner but did
not receive any internal standard. There was a very strong rela-
tionship between these dissimilarities (r ¼ 0.98; P < 0.001) high-
lighting that our assessments of the overall composition of the
microbial communities were generally unaffected by the addition
of the internal standard DNA (Fig. 4). This was also evident when
we compared the relative abundances of major bacterial phyla in
S rRNA gene abundances, based on the number of internal standard reads. Results from
ophilus and the other with 0.1% A. fischeri. Results from two other dilution series of the
fischeri. The results for 0 g of soil were determined using the blanks consisting only of



Fig. 3. Plots and corresponding Spearman rank correlation coefficients (rS) of SIR, PLFA and millions of 16S rRNA genes. All relationships were significant (P < 0.001). Sample 71 was
identified as an outlier using a Bonferroni test (P < 0.001) and it is marked in the plots.

W. Smets et al. / Soil Biology & Biochemistry 96 (2016) 145e151150
soils processed with and without the internal standard. In general,
the relative abundances of individual phyla were strongly corre-
lated across the samples (Table 1) even though there is likely some
inherent variability between the replicate DNA extractions in our
estimates of taxon abundances. Again, these results highlight that
the addition of the A. fischeri gDNA as an internal standard did not
alter our ability to assess the overall structure of the soil microbial
communities.

3.4. Caveats

There are important caveats to consider when using this inter-
nal standard approach for determining total abundances of 16S
rRNA genes in soil microbial communities. First, we are still only
estimating the abundance of 16S rRNA genes in a given sample, and
since bacteria can vary with respect to the number of 16S rRNA
gene copies per cell, it remains difficult to infer the total number of
cells per taxon or the total number of bacterial cells in a given
sample. Furthermore, it is important to determine a priori how
much internal standard DNA to add to each sample as our ability to
detect 16S rRNA gene abundances is only as good as our ability to
detect the internal standard in our sequence data. If the internal
Fig. 4. The relationship in pairwise BrayeCurtis dissimilarities between the samples
with and the samples without internal standard DNA added. The line indicates where
dissimilarities are exactly the same for both with-internal-standard and without-
internal-standard samples.
standard is too rare (i.e. represented by low number of sequences
per sample), we would not be able to accurately estimate concen-
trations of 16S rRNA genes in a given sample. Likewise, if the in-
ternal standard was too abundant in the resulting libraries, we
would not be able to assess microbial community composition due
to an insufficient number of reads from the soil bacteria and
archaea. The ideal amount of internal standard DNA to add depends
on multiple factors, such as taxonomic richness, sequencing depth,
and research questions. Thus, it is important to determine the most
appropriate amount of internal standard DNA to add by first esti-
mating the quantity of DNA in the samples. This can be done
relatively quickly by extracting DNA from a subset of new samples
and measuring soil DNA concentrations. Another important caveat
is that the internal standard technique does not provide an accurate
estimate of true absolute abundances, as both internal standards e
i.e. the DNA of A. fischeri and DNA of T. thermophilus e result in
different absolute abundances for the same samples (Fig. 2). If the
objective is to determine absolute abundances of a certain taxon in
a sample, quantitative PCR with taxon-specific primers is the
advised method for now, even though these abundance estimates
can also be influenced by differences in amplification efficiencies,
choice of primers, DNA extraction efficiencies, and other factors
(Fierer et al., 2005; Feinstein et al., 2009; Smith and Osborn, 2009;
Tremblay et al., 2015). Nevertheless, our work suggests it is possible
to compare 16S rRNA gene abundances between samples by adding
an internal standard prior to DNA extraction and amplicon
sequencing as long as all samples being compared are analyzed
using the same methods (including the same sampling strategy,
internal standard, and bioinformatics pipeline).
4. Conclusions

Whereas until now, 16S rRNA gene sequencing only gave in-
formation on the relative abundances of taxa within a sample, with
the internal standard it is now possible to estimate how the total
amounts of 16S rRNA genesmay vary across samples. The described
method is likely to be broadly useful when conducting analyses of
microbial studies in soil, and potentially other environments,
where the ability to compare the total amounts of bacteria and
archaea between samples is critical. Further testing is needed to
determine the usefulness of our approach for other applications,
such as when analyzing fungal communities via sequencing the
internal transcribed spacer region (Schoch et al., 2012) or when



Table 1
Comparison of relative taxon abundances between samples processed with and without the internal standard (IS) added. Results were summarized for all bacterial phyla (and
proteobacterial sub-groups) withmean relative abundances > 2.5%. The second column shows the correlation coefficients between relative abundances of the taxon in samples
that received internal standards and those that did not. All relationships were significant (P < 0.001). Also shown are themedian and range in relative abundances of the taxa in
all of the samples with and without the internal standard added.

Taxon R2 Median without is (%) Median with is (%) Range without is (%) Range with is (%)

Acidobacteria 0.838 15 18 3e37 3e37
Actinobacteria 0.646 7 5 1e22 1e16
Alphaproteobacteria 0.854 15 14 4e59 4e67
Bacteroidetes 0.725 7 7 0e22 0e17
Betaproteobacteria 0.896 6 6 1e37 1e41
Chloroflexi 0.937 4 3 0e41 0e36
Deltaproteobacteria 0.879 3 3 0e10 0e13
Firmicutes 0.914 1 1 0e49 0e32
Gammaproteobacteria 0.947 6 6 1e40 1e36
Verrucomicrobia 0.902 8 9 0e24 0e31
Other 0.898 14 13 4e46 4e41
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analyzing microbial communities found in other environments
(including the atmosphere, skin, or in the built environment).
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