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ABSTRACT Comprehensive microbial risk assessment requires high-throughput quanti-
fication of diverse microbial risks in the environment. Current metagenomic next-gener-
ation sequencing approaches can achieve high-throughput detection of genes indicative
of microbial risks but lack quantitative capabilities. This study developed and tested a
quantitative metagenomic next-generation sequencing (qmNGS) approach. Numerous
xenobiotic synthetic internal DNA standards were used to determine the sequencing
yield (Yseq) of the qmNGS approach, which can then be used to calculate absolute con-
centration of target genes in environmental samples based on metagenomic sequenc-
ing results. The qmNGS approach exhibited excellent linearity as indicated by a strong
linear correlation (r2 = 0.98) between spiked and detected concentrations of internal
standards. High-throughput capability of the qmNGS approach was demonstrated with
artificial Escherichia coli mixtures and cattle manure samples, for which 956 3 and
2086 4 types of antibiotic resistance genes (ARGs) were detected and quantified simul-
taneously. The qmNGS approach was further compared with quantitative real-time PCR
(qPCR) and demonstrated comparable levels of accuracy and less variation for the quan-
tification of six target genes (16S, tetO, sulI, tetM, ermB, and qnrS).

IMPORTANCE Monitoring and comprehensive assessment of microbial risks in the envi-
ronment require high-throughput gene quantification. The quantitative metagenomic
NGS (qmNGS) approach developed in this study incorporated numerous xenobiotic
and synthetic DNA internal standard fragments into metagenomic NGS workflow,
which are used to determine a new parameter called sequencing yield that relates
sequence base reads to absolute concentration of target genes in the environmental
samples. The qmNGS approach demonstrated excellent method linearity and compara-
ble performance as the qPCR approach with high-throughput capability. This new
qmNGS approach can achieve high-throughput and accurate gene quantification in
environmental samples and has the potential to become a useful tool in monitoring
and comprehensively assessing microbial risks in the environment.

KEYWORDS qmNGS, internal DNA standards, gene quantification, antibiotic resistance
genes

Monitoring and assessment of microbial risks in the environment are critical to the pro-
tection of human health but, however, still face tremendous technological challenges.

Many microbial pathogens are difficult to cultivate while available cultivation protocols
are often time-consuming, labor-intensive, and tedious. As a result, cultivation-based
approaches can provide only limited coverage of the high diversity of microbial pathogens
in the environment, necessitating surrogate-based strategies, such as enumeration of fecal
indicator bacteria Escherichia coli and enterococci for water quality monitoring (1) and
Salmonella bacteria for biosolid classification (2). Even more significant are challenges in
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assessing microbial risks associated with the tremendously diverse antibiotic resistance
genes (ARGs) in the natural environment. Studies have reported hundreds of different types
of ARGs in human and animal wastes: for example, 175 ARG types were detected in waste-
water activated sludge (3), and 109 ARG types were shared among manure samples from
different animal sources (4). High diversity of ARGs has also been reported in the natural
environment, both anthropogenically impacted and presumably pristine ones, including 56
ARGs in urban stream water and 114 ARGs in wastewater (5), 16 to 372 ARGs across differ-
ent reclaimed waters (6), and 48 ARG in pristine soil samples (7).

Advancements in molecular methods, in particular quantitative real-time PCR
(qPCR), have significantly improved the coverage on diverse microbial risks (8–11) and
expanded throughput by adopting novel reactor platforms (e.g., microfluidics-based
high-throughput qPCR [HT-qPCR]) (12). However, the qPCR methods still require a pri-
ori knowledge of the target genes and the availability of suitable primers (13), which
limits throughput and increases costs. Metagenomic sequencing, aided by the rapidly
expanding sequence outputs and decreasing costs of emerging next-generation
sequencing (NGS) technologies (14), has the unique advantages of requiring no a priori
knowledge and offering high-throughput capabilities, which are important for compre-
hensive assessment of microbial risks in the environment. Prior studies have typically
used metagenomic NGS (mNGS) for microbial diversity analysis (15, 16), direct patho-
gen detection (17, 18), and ARG characterization (5, 6) in environmental samples.
However, the conventional mNGS methods can provide only relative abundance of tar-
get genes in sequencing outputs, while absolute concentrations of target genes in
environmental samples are needed for comprehensive microbial risk assessment.

To achieve absolute quantification in mNGS, efforts have been made by incorporat-
ing different internal DNA or RNA standards into the metagenomic DNA or RNA sam-
ples (19). Previous studies typically used as internal standards nucleic acid sequences
of natural origins that are highly unlikely to be present in the target samples. For exam-
ple, natural genomic DNA (20, 21) and RNA synthesized from commercial synthetic
plasmid vector (21–23) have been used as internal standards in metagenomic and
metatranscriptomic sequencing. A previous study used select DNA sequences from
diverse microbial genomes to create inverted sequences with no match in the BLAST
nt database, which were spiked into environmental samples to quantify microbial com-
munity changes and achieve quantitative normalization between samples in metage-
nomic sequencing (24). However, metagenomic studies often involve different sample
types from various environments that typically contain extremely diverse metage-
nomic nucleic acid sequences, which could increase the possibility that the spiked
internal standard sequences could be naturally present in the target samples.

In this study, a quantitative mNGS (qmNGS) approach was developed to achieve
high-throughput gene quantification by designing and incorporating xenobiotic and
synthetic internal standards in metagenomic sequencing to remove the possibility of
the spiked standards coming from natural sources and thereby avoid detection ambi-
guity. The synthetic DNA internal standards were composed of 20 different DNA frag-
ments with an in-frame insertion of three consecutive stop codons, rendering them
highly similar to natural DNA sequences yet completely xenobiotic. A mathematical
model was developed for the qmNGS approach, which includes a novel parameter
called sequencing yield that accounts for the overall variation in metagenomic
sequencing experiments by relating the DNA mass ratios in the samples to the
sequence base ratios in the NGS results. The qmNGS approach was tested by spiking
different concentrations of the internal standards into DNA samples with different
DNA complexity levels (i.e., a mixture of environmental E. coli isolates from cattle ma-
nure and direct cattle manure samples). The method linearity of the qmNGS approach
was demonstrated with the spiked internal standards, the throughput was demon-
strated with the simultaneous quantification of numerous ARGs in the environmental
samples, and the accuracy was verified by comparing the qmNGS quantitative results
with those of qPCR assays for select target genes.
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RESULTS
qmNGS model. The mathematical relationship between the mass ratio of spiked

concentration of an internal standard fragment (ISF) in a DNA sample (ISF-i) (CISF-i,
nanograms per microliter), the total DNA concentration in the sample (CTOT, nanograms
per microliter), the number of sequence bases detected for ISF-i (nISF-i, base pairs), and
the total sequence bases detected for the sample (nTOT, base pairs) is described in
equation 1.

CISF-i

CTOT
� Yseq-i ¼ nISF-i

nTOT
(1)

The parameter Yseq-i (sequencing yield, unitless) relates the spiked mass ratio of ISF-i
(CISF-iCTOT

) and the sequence base ratio (nISF-inTOT
) from the sequencing experiments. Ideally, nISF-inTOT

should be the same as CISF-i
CTOT

, which equates to a theoretical value of 1 for Yseq-i. By spik-
ing numerous ISFs into DNA samples to achieved specified mass ratio, Yseq-i can be
determined for individual ISFs and used to calculate an overall Yseq. With the assump-
tion that DNA fragments of natural origins behave identically to the spiked ISFs in the
sequencing experiments, the Yseq can be used to approximate the sequencing yield in
qmNGS for DNA fragments of environmental origin.

To make the synthetic ISs distinguishable from DNA fragments of environmental or-
igin, each ISF contains a synthetic marker of three consecutive stop codons. Since the
bioinformatic detection of the IS fragment is based on sequence reads with the syn-
thetic marker and the sequencing processes can result in a portion of the nISF-i not con-
taining the synthetic marker (e.g., due to random DNA fragmentation during the
sequencing library preparation process), the bioinformatically detectable IS fragment
(n9ISF-i) is only a portion of nISF-i (equation 2), which is quantified by the probability of
sequence reads containing the internal marker (Pi) (see Pi calculation in the supplemen-
tal material). Therefore, the relationship in equation 1 can be further expressed by
equation 3.

n9ISF-i ¼ nISF-i � Pi (2)

CISF-i

CTOT
� Yseq-i ¼ n9ISF-i=Pi

nTOT
(3)

In the same sequencing reaction and subsequent bioinformatics analysis, all ISFs and
DNA of environmental origin are expected to share similar behaviors and hence similar
Yseq, which can be estimated as the average value of Yseq-i of all ISFs (equation 4). The Yseq
can then be used to quantify the absolute concentration of target genes (Ctarget, nano-
grams per microliter) (equation 5) and conversion to gene copy (GC) numbers (Ctarget-GC,
GC per microliter) (equation 6).

Yseq ¼
Xn

i¼1

Yseq-i

0
@

1
A=n (4)

Ctarget

CTOT
� Yseq ¼

ntarget
nTOT

(5)

Ctarget-GC ¼ Ctarget � NA

Ltarget � 109 � 650
(6)

where NA is Avogadro's constant, 6.022� 1023mol21; Ltarget is the length of the target
gene (unit, base pairs); 109 is the conversion factor of nanograms to grams; 650 is the
molecular weight of DNA per base pair (units, gram � mole21 � base pair21); ntarget is
sequence bases of target gene, calculated as the sum of alignment length of all
sequence reads assigned to the gene (units, base pairs).
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qmNGS method linearity. The six samples spiked with the ISFs were tested with
the qmNGS approach to determine the method linearity. An average of 4.1� 107 (sam-
ple standard deviation s = 0.04� 107 bp) sequencing reads with length of 150 bp and
6.2� 109 bp (s = 6.3� 107 bp) sequence bases were obtained (see Table S2 in the sup-
plemental material). After quality trimming, 92.2% 6 0.9% (sample mean 6 sample
standard deviation) of sequencing reads were retained, resulting in 3.8� 1076 0.1 -
� 107 trimmed reads with average length of 147.16 0.3 bp and 5.6� 109 6 1.1 -
� 108 bp sequence bases.

Excellent method linearity of qmNGS with an r2 of 0.98 was observed between the
spiked mass ratio (CISF�i

CTOT
) and the sequence base ratio (nISF�i

nTOT
) for the 79 ISFs (Fig. 1). All the

ISFs spiked at 1.8� 1028 to 1.8 � 1023 ng/ng mass ratio were detected in at least one
DNA sample, with the detected sequencing bases in the range of 226 39 to 106.28 6

105.41 bp (Table S1). The Yseq values for the ISFs exhibited limited variations among the six
replicates in the analysis (0.606 0.16) (Fig. 2A). Coefficient of variation (CV) of Yseq-i for each
ISF in the six replicates showed an overall CV in the range of 9.1% to 179.3%; larger varia-
tions were observed for the ISFs spiked at lower concentrations (Fig. 2B). Defining the limit
of quantification (LOQ) as the lowest concentration with CV less than 35% (25) and limit of
detection (LOD) as the lowest concentration detection in all the three replicates (95% con-
fidence level [25]), the LOQ and LOD of the qmNGS approach were determined to be
7.8� 1027 ng/ng and 1.0� 1027 ng/ng, respectively. The Yseq for the ISFs spiked at a con-
centration ratio above the LOQ were maintained at a steady level (0.556 0.05), with an av-

FIG 1 Correlation between detected sequence base ratio (nISF-i/nTOT, base pairs/base pairs) and spiked
DNA concentration ratio (CISF-i/CTOT, nanograms/nanograms) of the ISFs in the three replicate mixed E.
coli DNA samples (E1 to E3) and manure samples (M1 to M3).

FIG 2 Average sequencing yield values of the 79 DNA internal standard fragments (ISFs) located on
the three blocks (IS-1, -2, and -3) that were spiked at different concentrations (A) and their coefficient
of variation (CV) with respect to their spiked concentration ratio (B). Error bars in panel A were
standard deviations from six samples.
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erage CV of 16.2% (s = 4.9%). The Yseq for all ISFs above the LOQ showed a normal distribu-
tion (as indicated by an R2 of 0.99 in a quantile-quantile plot [Fig. S4]), and analyses of var-
iance (ANOVAs) showed no significant difference in Yseq among different ISFs (P=0.08).
Yseq showed limited difference (CV=3.9%; paired t test, P, 0.001) between the two sam-
ple types with different complexity, with averaged Yseq of 0.56 (s = 0.07) and 0.53 (s = 0.06)
in the E. colimixture samples and manure samples, respectively.

Effect of sequencing depth on the qmNGS results. Subsamples with sequencing
depths of 30� 108, 15� 108, 7.5� 108, 3.75� 108, 1.88� 108, and 0.94� 108 bp were
obtained from the original sequencing data of ca. 62� 108 bp for all sequenced DNA
samples. Decreasing sequencing depths resulted in increasing LOQ values of qmNGS:
7.8� 1027, 2.7� 1026, 5.4� 1025, 5.0� 1026, 5.4� 1025, 5.4� 1025, and 2.0� 1024 ng/ng
for sequencing depths of 62 � 108, 30 � 108, 15 � 108, 7.5 � 108, 3.75 � 108, 1.88 � 108,
and 0.94� 108 bp, respectively (Fig. S5). In contrast, the sequencing depth did not cause
significant difference in Yseq values except for the lowest sequencing depth. 0.94� 108 bp
(Fig. 3). For sequencing depths ranging from 1.88� 108 to 62� 108 bp, average Yseq val-
ues (6 s) of 0.55 (60.05), 0.49 (60.04), 0.48 (60.04), 0.53 (60.05), 0.52 (60.05), and 0.50
(60.04) for sequencing depths of 62� 108, 30� 108, 15� 108, 7.5� 108, 3.75� 108, and
1.88� 108 bp, respectively, were observed. The Yseq depth of 0.94� 108 bp decreased sig-
nificantly compared with other sequencing depths (analysis of covariance [ANCOVA],
P, 0.001), with an average Yseq value of only 0.26 (60.04).

High-throughput detection and quantification of ARGs. The averaged Yseq value
of ISFs at the original sequencing depth, which was 0.55, was used for the quantification
of natural ARGs in the six DNA samples. 16S rRNA genes were also quantified for estimat-
ing total bacterial biomass and for the calculation of relative abundances of ARGs (i.e.,
[ARGs]/[16S rRNA gene]). Up to 104 (sample mean 6 standard deviation: 956 3) and
258 (2086 4) types of ARGs were detected in the E1 to E3 and M1 to M3 samples, with
total concentration of 108.660.003 and 107.560.01 copies/ml, respectively. ARGs with relative
abundance no less than 0.5% in at least one of the samples were summarized in Fig. 4.
Within the same sample type, the majority of the detected ARGs were detected through
the three replicates. Eighty-seven ARG types were detected in E1 to E3 (accounting for
99.998% 6 0.001% of total concentration in each sample), and 159 ARG types were
detected in M1 to M3 (accounting for 99.8% 6 0.02% of total ARG concentration in each
sample) (Fig. 4), indicating good consistency of the qmNGS approach. The CVs of the
detection of ARGs among the triplicate samples were in the range of 0.3% to 133.9%,
with the averaged CV being 28.2% 6 25.8% (Fig. S6). The observed CV decreased with
increasing abundances of ARGs in the DNA samples; in other words, more abundant
ARGs showed more consistent quantification than the less abundant ones, which is simi-
lar to the observation made for the spiked ISFs. The concentrations of 16S genes in the
E1 to E3 and M1 to M3 samples were 107.960.004 and 108.760.01 copies/ml, respectively; the
limited standard deviations demonstrated very limited variation in the replicate samples.

FIG 3 The impact of different sequencing depths (through resampling) on the distribution of
sequencing yield values of the ISFs. Only ISFs spiked at a concentration ratio above the limit of
quantification (LOQ) are included in the box plots.
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Verification of qmNGS quantification by qPCR. The qmNGS approach for gene
quantification was verified by comparing the qmNGS results with qPCR results for six
target genes (16S rRNA gene and five ARGs [tetO, sulI, tetM, ermB, and qnrS]) in samples
M1 to M3. There were no statistically significant differences in the concentrations of
16S and ARGs as determined by the two methods (paired t test, P=0.56) (Fig. 5A). A
similar observation was made when ARGs were normalized by the 16S concentration
(Fig. 5B), and no significant difference between the relative abundances of ARGs deter-
mined by the two methods was found (paired t test, P=0.59).

Moreover, the qmNGS quantification of triplicate samples exhibited significantly less
variation. For 16S and the four detected ARGs, the average CV value of the triplicate
detection by qmNGS (6.7% 6 4.4%) was significantly less than the average CV value by
qPCR (25.8% 6 10.3%) (paired t test, P=0.03). For the relative abundance of ARGs nor-
malized by the 16S concentration, the average CV value by qmNGS (11.8% 6 6.2%) was
also significantly less than the average CV value by qPCR (51.8%6 11.1%) (paired t test,
P=0.01).

DISCUSSION

With the tremendous throughput of NGS technologies and rapidly decreasing
sequencing costs and increasingly rapid turnaround, metagenomic sequencing has the

FIG 4 Heat map of the absolute concentrations of ARGs (log10 gene copies/ml) in the DNA samples from the E.
coli isolate mixtures (E1 to E3) and cattle manure samples (M1 to M3). Only ARGs detected with relative
abundances of .0.5% are presented here.

FIG 5 Comparison of qmNGS and qPCR in quantifying the 16S rRNA gene and five ARGs in the cattle
manure samples (M1 to M3). qnrS was not detected by either qmNGS or qPCR.
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potential to replace traditional cultivation-based and molecular methods (including
qPCR) in microbial risk assessment in the environment. Although relative abundance
of target genes may be calculated by using various normalization strategies (e.g., nor-
malization by the 16S rRNA gene), metagenomic sequencing typically cannot provide
absolute quantification, which is important to quantitative microbial risk assessment.
Efforts have been made by incorporating different internal DNA or RNA standards to
achieve quantitative metagenomic sequencing, while most previous studies still used
naturally present sequences as internal standards which can still be found in environ-
mental samples. The qmNGS approach proposed in this study aimed to address this
challenge by using spiked xenobiotic and synthetic DNA internal standard fragments
(ISFs) and companion bioinformatic strategies that convert numbers of sequence base
pairs detected for specific genes in a metagenomic experiment to absolute gene con-
centrations (i.e., GC numbers per volume).

The ISFs contain an insertion of a xenobiotic and synthetic DNA marker that is not
present in DNA fragments of natural origin and are essential for the proposed qmNGS
approach. Several previous sequencing efforts used as the internal standard a spiked
RNA fragment that was expected to be absent from the samples being analyzed such
as natural DNA (20, 21) and RNA synthesized from commercial synthetic plasmid vector
(22). However, the tremendous diversity of environmental samples makes it nearly
impossible to use natural nucleic acids as internal standards (even synthetic plasmid
vectors can be found in the environment [26]) based on their expected presence/
absence in the target samples, and those conserved sequences in microbial genomes
may also introduce bias into sequencing results of samples. The xenobiotic and syn-
thetic marker in this study (i.e., an in-frame insertion of three consecutive stop codons)
provides unequivocal certainty that can differentiate the spiked ISFs from the natural
DNA samples when they are mixed and sequenced together. The ISFs used in this
study were synthesized with ARGs and 16S rRNA genes; however, the synthetic marker
insertion strategy could be applied to synthesize internal DNA standards with any
other DNA sequences.

This design of ISFs also made it possible to utilize a large number of different types of
ISFs in parallel with DNA from the environmental samples. In this study, the employment of
numerous ISFs spiked at multiple concentration levels in the qmNGS approach allowed for
statistical assessment of method precision and linearity. The high linearity of the qmNGS
approach is attributable to its avoidance of PCR amplification and associated biases, which
is believed to be among the primary reasons for notable disparity between expected DNA
composition and sequencing results (27–29). Additionally, the spiking strategy of synthetic
DNA internal standards may also be applicable to amplicon-based sequencing experiments
to achieve quantitative detection of amplicons. It was shown that the sequencing display
of amplicons can improve both the sensitivity of PCR/qPCR and the multiplex level of multi-
plex PCR (mPCR) assays; however, it still suffered from nonquantitative detection and
uneven amplification of different targets in mPCR (30, 31). The uneven amplification of dif-
ference targets may be assessed by using multiple ISFs specifically designed for the target
genes and the quantification strategies in the qmNGS approach.

A key parameter in achieving quantification by the qmNGS approach is the
sequencing yield (Yseq), which takes into account numerous variations in the multistep
process of metagenomic sequencing experiments. Since the ISFs undergo the same
processes (including DNA fragmentation, library preparation, and sequencing) as DNA
samples of environmental origin, their sequencing yields can be calculated and used
to estimate the overall sequencing yield of the qmNGS process. Previous studies used
a sequencing recovery parameter (or sample-sequencing depth per the work of Gifford
et al. [22]), which was defined as the ratio of the detected base pairs of an internal
standard to the base pairs that were spiked into a sample, to evaluate performance of
a metagenomic sequencing experiment. This sequencing recovery parameter, how-
ever, is still affected by the total nucleic acid mass of the samples and the total number
of base pairs of sequencing data; analysis of sequencing recovery of ISFs in subsamples
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at different sequencing depths in this study showed the sequencing recovery linearly
decreased with the sequencing depth (see Fig. S7 in the supplemental material), which
makes it incomparable among different experiments that employ different sequencing
depths. In contrast, the Yseq parameter of the qmNGS approach in this study is normal-
ized to the quantity of DNA samples (equation 1, CTOT) and the total number of base
pairs of sequencing data (equation 1, nTOT). As a result, the ISFs used in this study pro-
duced very consistent sequencing yields in spite of different spiked concentrations of
the different ISFs and the different sequencing depths, as shown in Fig. 2 to 4.

The capability of using numerous ISFs simultaneously by the qmNGS approach also
allows for determination of method detection limit and robust identification of optimal spik-
ing concentrations to be used in calculating the overall sequencing yield. Although consis-
tency in sequencing yield was observed for different ISFs on the IS-2 and IS-3 blocks, the
ISFs on the IS-1 block, which were spiked at lower concentration ratios (CIS/CTOT , 1027),
were detected with only limited sequence bases, exhibiting large variation in sequencing
yield among individual ISFs. This allowed for the determination of the method quantification
and detection limit of the qmNGS approach and selection of ISFs on IS-2 and IS-3 for the cal-
culation of overall sequencing yield to be used to quantify target ARGs in the samples.
Comparison of sequencing yields at different sequencing depths (Fig. 3 and Fig. S5) showed
that sequencing depth does not affect the sequencing yield but does affect the LOQ. As usu-
ally different sequencing depths are obtained in different sequencing experiments or even
in the same experiment for different samples, spiking internal standards at different concen-
tration levels (for example, the range of 1.8� 1028 to 1.8� 1023 ng/ng for the 79 ISFs or
1027, 1025, and 1023 for the three ISs) is recommended to determine the LOQ.

High throughput of the qmNGS approach was demonstrated with the quantifica-
tion of up to 208 ARGs in individual samples (Fig. 4). The HT-qPCR method has been
widely employed for high-throughput quantification of diverse ARGs, and the tradi-
tional mNGS approach, due to its lack of absolute quantification, was typically used
only to verify results from HT-qPCR experiments (32, 33). HT-qPCR can achieve simulta-
neous detection of up to 200 target genes (4, 34–36), but it is limited by the availability
of primers specific for the target genes and is restricted to the targeted genes only. For
example, a previous study compared the ARG profiles in river water samples by using
both HT-qPCR and mNGS, and more ARGs were detected by the nontargeted mNGS
approach (160 ARG types) than by the HT-qPCR approach (104 ARG types) (33). The
high-throughput capability of mNGS in gene quantification has also been observed in
the two previous studies that found 170 ARGs in wastewater (23) and 62 to 361 ARGs
in manure (20) detected by quantitative metagenomic sequencing.

Compared to qPCR-based quantification methods, the qmNGS approach also provided
higher specificity because of its sequence-based detection. The two major types of fluores-
cence reporting dye used in qPCR include sequence-specific hydrolysis probes (e.g.,
TaqMan probe) and nonspecific intercalating dyes (e.g., SYBR green) (37). SYBR green is
more commonly used because of its cost-efficiency and has been used in most of the HT-
qPCR assays for ARG detection; however, it is not a sequence-specific reporter and also
detects potential nonspecific amplification in qPCR (38). Probe-based qPCR is considered
among the most reliable methods of gene quantification because of the additional speci-
ficity and accuracy provided by the probe. In this study, the qmNGS approach demon-
strated a level of accuracy comparable to probe-based qPCR and even less variation as
exemplified by the quantification of the 16S rRNA gene and four detected ARGs, and the
nondetection of qnrS gene by both approaches in the samples also supported the efficacy
of the qmNGS approach (Fig. 5). Current NGS has high consistency and reproducibility, as
reported in previous studies of bacterial genotyping (39) and microbial community analy-
sis (40), and NGS does not rely on primer and probe-specific PCR and is less vulnerable to
PCR inhibition which causes quantification variations, explaining the lower variation in
gene quantification in qmNGS than in qPCR.

Overall, a novel qmNGS approach was developed for high-throughput gene quantifi-
cation by spiking xenobiotic and synthetic DNA ISFs into environmental DNA samples.
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The high throughput and accuracy of the qmNGS approach in gene quantification with-
out a priori knowledge of the targets were demonstrated by using ARGs in environmen-
tal samples in this study. The qmNGS approach can also be used to quantify any gene of
interest, including virulence factors, 16S rRNA genes, mobile genetic elements, metal re-
sistance genes, and gene markers of emerging significance in environmental samples. In
its current form, the primary limitation of the qmNGS approach is its method sensitivity,
as the current limit of quantification in this study was determined by the spiked ISFs to
be around 7.8� 1027 ng/ng DNA (or 103.5 copies/ml DNA), which is lower than some of
the PCR-based methods (e.g., 101 to 104 copies/ml DNA by HT-qPCR assays [13] and 101

copies/ml DNA by qPCR in this study). This, however, can be remediated by using deeper
sequencing outputs, which is becoming more economically feasible as the NGS technol-
ogies continue to increase throughput and decrease costs (41).

MATERIALS ANDMETHODS
Design of synthetic DNA internal standards. Twenty xenobiotic and synthetic DNA internal stand-

ard fragments (ISFs) were designed in this study. The ISFs are identical to common DNA targets used in
the detection of 16S rRNA gene (16S), intI1, and 18 common ARGs, except for an in-frame insertion of a
synthetic DNA marker of three consecutive stop codons (TAGTAATGA) (see Fig. S1 and Table S1 in the
supplemental material). This design makes the ISFs completely xenobiotic and hence allows them to be
distinguishable from actual gene fragments of environmental origin. The 20 ISFs have different lengths
(103 to 430 bp) and different GC contents (26.8% to 63.8%).

The 20 ISFs were synthesized consecutively in three blocks and embedded in the pUCIDT vector (IDT;
Coralville, IA, USA) and are referred to as internal standards 1, 2, and 3 (IS-1, IS-2, and IS-3). The three ISs
contained five, eight, and seven ISFs, with total insert lengths of 758bp, 1,509bp, and 1,732 bp, respec-
tively. Different ISFs located on the same ISs inherently have the same copy number, while the different
ISs can be used with different concentrations, which provides flexibility in experimental design and data
interpretation. Additionally, multiple consecutive ISFs on the same IS can be considered one entity during
data analysis, which provides additional combined fragments for statistical analysis. A total of 79 ISFs,
including individual ISFs and combination of consecutive ISFs, were investigated in this research (Table
S1). The 79 ISFs exhibited GC contents of 26.8% to 63.8% and fragment lengths of 94 to 1,732 bp (Fig. S3).

The IS DNA standards were measured using a Qubit4 fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). For metagenomic sequencing, the ISFs were spiked into the DNA samples to
achieve different mass ratios (nanogram/nanogram) between the IS standard concentration (nanograms
per microliter) and the sample DNA concentration (nanograms per microliter), resulting in spiked con-
centration ratios for the 79 ISFs within the range of 1.8� 1028 to 1.8� 1023 ng/ng (Table S1 and Fig. S2).

Sample DNA preparation. Two types of DNA samples with different DNA complexity levels were pre-
pared and used in the experiments, including DNA extracts from a mixture of E. coli isolates with less environ-
mental complexity (in triplicates and termed E1 to E3) and a cattle manure sample with higher environmental
complexity (in triplicates and termed M1 to M3). Fresh cattle manure samples were collected from the U.S.
Meat Animal Research Center near Clay Center, NE. To collect manure E. coli isolates, manure slurry was diluted
in phosphate-buffered saline (PBS) and then spread on modified membrane-thermotolerant Escherichia coli
(mTEC) agar plates with subsequent incubation of 26 0.5h at 35°C6 0.5°C in incubator and 44.5°C6 0.2°C in
water bath for 226 2h (42). Blue colonies from the modified mTEC agar plates were picked and further
streaked on LB agar plates and incubated at 37°C overnight for further purification. Purified E. coli isolates from
each LB agar plate were then inoculated into LB 96-well plates, incubated at 37°C for 6h (with final optical den-
sity at 600 nm [OD600] of 0.4 to 1.0), and then mixed in equal concentration based on the OD600 values to pre-
pare an E. colimixture.

The E. colimixture and cattle manure samples were subjected to total genomic DNA extraction using
the E.Z.N.A. soil DNA kit (Omega Bio-tek, Norcross, GA) and E.Z.N.A. bacterial DNA kit (Omega Bio-tek,
Norcross, GA), respectively, by following the manufacturer’s instruction. All DNA extracts were quantified
using a Qubit4 fluorometer and then stored at220°C until further analysis.

Metagenomic NGS. The E1 to E3 and M1 to M3 sample DNAs were spiked with the ISs and then sub-
jected to metagenomic NGS. Sequencing library preparation and shotgun sequencing were performed
by BGI (Shenzhen, China). In short, sample DNA was fragmented randomly, and the required-length
DNA fragments were isolated by electrophoresis. After sequencing adapters were ligated to the isolated
DNA fragments, sequencing was conducted using an Illumina HiSeq 4000 platform. An average of 3.1
Gb per sample of 150-bp paired-end sequencing data was collected, and the raw sequencing data are
available in NCBI’s Sequence Read Archive (see below and Table S2).

Bioinformatic analysis. Forward and reverse paired ends were quality trimmed using Trimmomatic
(43) (with parameters slidingwindow:4:20 leading:10 trailing:10 minlen:50). The quality-trimmed reads
were searched against a local database containing the sequences of the spiked ISFs by using BLASTN
search with an E value cutoff of 1025. The detection of ISFs was based on two criteria including the pres-
ence of the synthetic marker and hits with alignment bit score higher than 50 and identity higher than
90% to the reference sequences of ISFs. The detected ISFs were normalized to detected sequence bases
by summarizing the alignment length of all hit reads for each DNA fragment. To study the effect of
sequencing depth on the sequencing results, the original sequencing data were randomly subsampled
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with a custom Bash script to generate seven different sequence depths (i.e., 100%, 50%, 25%, 12.5%,
6.25%, 3.13%, and 1.56% of the received sequencing reads). Subsamples were analyzed by following the
exact same bioinformatic procedures as described above.

To detect environmental ARGs in the DNA samples, quality-trimmed reads except for those identi-
fied as the spiked ISFs were searched against the CARD database (44) using BLASTX with the same cutoff
criteria used in the detection of ISF standards (i.e., bit score higher than 50 and identity higher than
90%). For the detection of 16S rRNA gene, the sequencing reads were further analyzed by using
METAXA2 (45) with default parameters.

qPCR quantification of 16S rRNA and ARGs. To verify the qmNGS quantification accuracy and pre-
cision, the 16S rRNA gene and five ARGs (tetO, sulI, tetM, ermB, and qnrS) in the manure samples were
quantified using qPCR assays, which are summarized in Table S3. The qPCRs were run on an ABI 7300
system (Applied Biosystems, Waltham, MA). All qPCR mixtures were 20-ml reaction mixtures consisting
of 1� GoTaq probe qPCR master mix (Promega, Madison, WI) run in duplicates. Primers, probes, and cy-
cling conditions for qPCR assays are provided in the supplemental material (Table S3). Genomic DNAs of
E. coli ATCC 25922 (with five 16S rRNA copies per genome), the IS-1 plasmid, and the IS-2 plasmid were
used as the DNA templates for qPCR of 16S rRNA, sulI, and tetO, respectively. Synthesized DNA contain-
ing the target genes (gBlocks; IDT, Coralville, IA) was used as the DNA template for tetM, ermB, and qnrS.
All standard curves were constructed from 10-fold serial dilutions of DNA template with concentrations
ranging from 101 to 107 gene copies per reaction (GC/rxn). The amplification efficiencies of the qPCR
assays in this study ranged from 82% to 109%, with limit of quantification (LOQ) of 10 GC/rxn for each
assay. Negative controls for the qPCR (blank) were included in each qPCR run. Threshold cycle (CT) value
of each sample was calculated using arithmetic mean of duplicates. The concentration of target gene
was calculated from the standard curve and reported as GC per microliter.

Statistical analysis. Data manipulation and statistical analyses were conducted using the packages
in Jupyter or R, including dplyr, tidyr, stringr, scipy, pandas, and numpy. Plots were generated using sea-
born and scipy package in Jupyter and ggplot2 package in R.

Data availability. Raw sequencing data were deposited in the NCBI Sequence Read Archive under
accession numbers SRR1139176 to SRR11391801.
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