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Abstract
Sewer systems are reservoirs of pathogens and bacteria carrying antibiotic resistance genes (ARGs). However, most recent 
high-throughput studies rely on DNA-based techniques that cannot provide information on the physiological state of the 
cells nor expression of ARGs. In this study, wastewater and sewer sediment samples were collected from combined and 
separate sanitary sewer systems. The metabolically active prokaryote community was evaluated using 16S rRNA amplicon 
sequencing and actively transcribed ARG abundance was measured using mRNA RT-qPCR. Three (sul1, blaTEM, tet(G)) 
of the eight tested ARGs were quantifiable in select samples. Sewer sediment samples had greater abundance of actively 
transcribed ARGs compared to wastewater. Microbiome analysis showed the presence of metabolically active family taxa 
that contain clinically relevant pathogens (Pseudomonadaceae, Enterobacteraceae, Streptococcaceae, Arcobacteraceae, and 
Clostridiaceae) and corrosion-causing prokaryotes (Desulfobulbaceae and Desulfovibrionaceae) in both matrices. Spiro-
chaetaceae and methanogens were more common in the sediment matrix while Mycobacteraceae were more common in 
wastewater. The microbiome obtained from 16S rRNA sequencing had a significantly different structure from the 16S rRNA 
gene microbiome. Overall, this study demonstrates active transcription of ARGs in sewer systems and provides insight 
into the abundance and physiological state of taxa of interest in the different sewer matrices and sewer types relevant for 
wastewater-based epidemiology, corrosion, and understanding the hazard posed by different matrices during sewer overflows.

Keywords Antibiotic resistance gene transcripts · 16S rRNA sequencing · Sewer microbiome · Wastewater-based 
epidemiology · Sewer resistome

Introduction

Antibiotic-resistant infections are the cause of more than 
35,000 deaths a year and the US Centers for Disease Control 
(CDC) has classified antibiotic resistance as one of the big-
gest public heath challenges of our time [1]. Sewer systems 
have been shown to be a potential environmental hotspot 
for the proliferation of bacteria carrying antibiotic resist-
ance genes (ARGs) and potential human pathogens [2–7]. 

However, most of these studies have been limited to genomic 
DNA-based analysis that cannot measure gene expression 
nor discriminate between living cells and DNA from non-
living cells (unless further steps are taken such as PMA-
PCR or stable isotope probing). Given the public health 
risk posed by sewer overflows from combined and separate 
sanitary systems [8, 9], a comprehensive assessment of the 
metabolically active prokaryote community and the occur-
rence of bacteria capable of expressing antibiotic resistance 
is warranted. Moreover, having a quantitative measurement 
of ARG expression and the metabolically active microbi-
ome may help us to understand the selection for specific 
mechanisms of antibiotic resistance and the loading of active 
human pathogens in the microbiome during sewer overflow 
events. Furthermore, the current boom in wastewater-based 
epidemiology to address SARS-CoV-2 has demonstrated 
the utility of sewage monitoring and understanding in-sewer 
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processes potentially impacting the microbiome could 
improve our ability to interpret sewer epidemiology data.

A previous study in our lab evaluated the abundance 
of selected ARGs via qPCR and the prokaryotic commu-
nity in metagenomic DNA from combined and separate 
sanitary sewer sediment and wastewater samples [5]. The 
results showed the presence of all the tested ARGs with 
variation by season and matrix ranging from 0.8 to 11 
 Log10 ARG copies per 16S rRNA gene copy and also the 
presence of bacterial taxa containing potential human 
pathogens and corrosion-causing prokaryotes [5]. This 
study aims to reassess the abundance of ARGs and the 
microbial community composition from selected sampled 
of this previous study [5] but at the actively transcribed, 
RNA level. The presence of specific mRNA sequences 
in environmental total RNA samples indicates that some 
bacterial cells have the required genetic code to transcribe 
a gene and potentially express it. Therefore, targeting 
mRNA molecules transcribed from ARGs through RT-
qPCR can provide quantitative information on whether 
specific ARGs are being transcribed in the bacterial 
population.

Because only metabolically active cells can synthe-
size rRNA, assessing the microbial diversity through 16S 
rRNA sequencing (i.e., sequencing of cDNA from rRNA) 
rather than the 16S rRNA gene sequencing provides infor-
mation about the physiological state of the source of the 
sequences. In addition, due to the short half-life of RNA 
molecules relative to DNA [10], 16S rRNA transcript 
sequencing can also be used as a tool to reduce the sig-
nal from extracellular and dead cells’ rRNA in 16S rRNA 
gene sequencing for microbiome studies. Therefore, a 
sewer microbiome assessment using 16S rRNA sequenc-
ing can provide information about the physiological state 
of taxa of interest within the sewer microbiome. This 
approach has been previously used to study the metaboli-
cally active microbiome of some environmental matrices 
including tap water, freshwater, hydrate ecosystems, deep 

ocean sediments, Antarctic coastal waters, and coral reefs 
[10–14], but to our knowledge, this has not been used to 
evaluate the metabolically active prokaryotic diversity in 
sewer system matrices. Transcriptomic analysis of ARGs 
using mRNA RT-PCR has been reported in clinical iso-
lates [15, 16].

The specific aims of this study were to (1) character-
ize, quantify, and compare the occurrence of actively tran-
scribed ARGs in wastewater and sewer sediment of com-
bined and separate sanitary sewer systems; (2) describe 
the metabolically active prokaryotic diversity in both 
sewer matrices and sewer types, focusing on taxonomical 
families containing potential human pathogens and corro-
sion-causing prokaryotes; and (3) compare the sewer sedi-
ment and wastewater microbiome obtained by 16S rRNA 
and 16S rRNA gene sequencing, using the 16S rRNA gene 
sequencing data from our previous study [5]. To achieve 
these aims, sewer sediment and wastewater samples were 
collected from separate sanitary and combined sewer sys-
tems. mRNA was purified from the total RNA, and RT-
qPCR was used to detect and quantify selected actively 
transcribed ARGs. cDNA was synthesized from the total 
RNA and the 16S rRNA was further sequenced in order 
to study the prokaryotic diversity of metabolically active 
cells. These results can provide insight on the abundance 
of actively transcribed ARGs and the persistence of meta-
bolically active microbial groups of clinical relevance, 
both of which may present a public health risk during 
sewer overflow events.

Methods

Sewer Sediment and Wastewater Sampling

Wastewater influent and sewer sediment samples were col-
lected from five different combined and separate sanitary 
sewer systems (Table 1). Samples were collected between 

Table 1  Information about the sewer type, sampling date, and location of the samples

Systems ID Sewer type Sampling date (air tempera-
ture in °C)

Sediment sampling location

C1 Combined 6/28/17 (25)
7/6/17 (28)

Sediment deposits from bottom of sewer pipe collected via manhole

C2 Combined 7/13/17 (26)
7/26/17 (28)

Sediment deposits from bottom of sewer pipe collected via manhole

C3 Combined 6/30/17 (32)
7/11/17 (30)

Sewer sediment discharged during CSO events and stockpiled in 
CSO detention tank

S1 Separate 6/29/17 (24)
7/5/17 (27)

Sediment deposits from pump or metering stations

S2 Separate 8/28/17 (29)
9/19/17 (27)

Wet well
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June and September 2017 in replicate at least one week 
apart with a total of 20 samples (5 systems × 2 matrices × 2 
replicates) during baseflow conditions with precipitation 
measurements in the preceding 48 h at the nearest gauges 
averaging 0.38 ± 0.50 cm (ranging from 0 to 1.32 cm). All 
the samples used in this study represent a subset of those 
used for DNA analyses in previously published research 
from our lab [5]. The locations for sewer sediment grab 
samples were selected based on the presence of solid depo-
sition sufficient to collect 1 L including manholes and wet 
wells. Samples collected from the five different sewer sys-
tems were labeled as C1, C2, and C3 for the three com-
bined sewer systems, and S1 and S2 for the separate sani-
tary sewer systems. Composite wastewater influent samples 
(24 h, 2 L via autosampler) were collected on the same day 
of each sediment sampling event from the corresponding 
downstream wastewater treatment plant (WWTP). More 
details of the sampling events and locations can be found 
in Table 1 and in Eramo et al. [5].

To preserve the total RNA from the samples, approxi-
mately 2 g of sediment was transferred to a 15-mL Falcon 
tube containing 6 mL of LifeGuard™ Soil preservation solu-
tion (Qiagen, Germantown, MD) in the field, transported 
to the lab inside a cooler with ice, then stored at 4 °C. 
For wastewater samples, samples were transported to the 
lab inside a cooler with ice and the prokaryotic cells were 
immediately concentrated by filtering ~ 150 mL of wastewa-
ter through 0.22-μm nitrocellulose filters (Millipore Corpo-
ration, Billerica, MA). The filter membrane containing the 
cells was placed in a 15-mL Falcon tube containing 3 mL 
of LifeGuard™ Soil preservation solution and then stored 
at 4 °C.

Biomolecular Analysis

RNA was extracted from all samples and field blanks 
for cDNA synthesis followed by qPCR and amplicon 
sequencing of the 16S rRNA gene. The preserved sedi-
ment and wastewater samples stored in 15-mL tubes with 
LifeGuard™ Soil preservation solution were centrifuged 
at 4000 × g for 10 min; then, the supernatant containing 
the preservation solution was discarded. For the sewer 
sediment samples, 0.5 g (wet weight) was added to the 
RNA-lysing tubes, and for wastewater samples, the fil-
ter membrane was transferred to the RNA lysing tubes. 
Total RNA was extracted using the RNeasy PowerSoil 
Total RNA Kit (Qiagen, Germantown, MD) following the 
manufacturer’s directions, followed by a DNA clean up 
with DNase Max Kit (Qiagen, Germantown, MD). The 
absence of DNA contamination in the total RNA was con-
firmed by PCR targeting the bacterial 16S rRNA gene in 
the RNA samples (without adding reverse transcriptase to 
the PCR mix) using the primers and protocol [17] listed in 

Table S1. Visualization of PCR products was done using 
gel electrophoresis (note: no bands were observed except 
in positive controls, indicating there was not DNA con-
tamination of the samples). The total RNA was quantified 
using a Nanodrop, then an aliquot from each sample was 
used to synthesize cDNA using the SuperScript IV VILO 
Mastermix with ezDNase (Invitrogen, Waltham, MA) 
following the manufacturer’s directions. Another aliquot 
of the total RNA from each sample was used to purify 
the mRNA using the MICROBExpress Bacterial mRNA 
Purification kit (Invitrogen, Waltham, MA) following the 
manufacturer’s directions. To confirm that there was no 
contamination from DNA in the purified mRNA, PCR 
targeting the bacterial 16S rRNA gene was performed as 
previously explained. Then, the cDNA encoded from the 
purified mRNA was synthesized as previously explained. 
The mRNA purification procedure was performed on 
14 of the 20 samples. The other 6 samples had a lower 
total RNA concentration than the minimum required for 
the purification procedure (< 0.07 μg/μL). Five of these 
unprocessed samples were wastewater samples while only 
one was a sediment sample. Previously, total DNA was 
extracted for qPCR and amplicon sequencing [5], allow-
ing for comparison.

qPCR targeting selected ARGs (sul1[18], tet(G)[19], 
tet(W)[20], tet(O)[20], ermF[21], NDM-1[22], vanA[23], 
and  blaTEM[24]) and traditional PCR targeting atpE [25], 
a functional gene present in non-tuberculous Mycobacte-
rium spp., was performed on the cDNA that was synthesized 
from the mRNA of each sample. These ARGs encoding for 
sulfonamide, macrolide, tetracycline, beta-lactam, and van-
comycin antibiotic resistance were selected due to their com-
mon abundance in sewer system matrices [3–5]. NDM-1 was 
selected because some bacterial species with this functional 
gene have been recently classified as an “urgent threat” by 
the US CDC [1].

qPCR reaction mixtures for sul1, blaTEM, tet(G) tet(O), 
tet(W), ermF, and vanA gene consisted of 5 μL of SsoFast 
Eva Green® SuperMix (BioRad, Hercules, CA), 0.4 μM 
of the forward and reverse primers, 2.4 μL of molecular 
biology-grade water, and 1 μL of diluted cDNA from the 
samples. The reaction mixture of NDM-1 and atpE con-
sisted of 5 μL of SsoAdvanced Universal Probes Super-
Mix (BioRad, Hercules, CA), 0.22 μM of the forward and 
reverse primers, 0.07 μM of the probe, 1 μL of molecular 
biology-grade water, and 1 μL of diluted cDNA from the 
samples. qPCR reactions for all the samples were per-
formed in a Real-Time Thermocycler (BioRad CFX96 
Touch, Hercules, CA). Thermocycler conditions for each 
gene are specified in Table S1. All the samples were ana-
lyzed in triplicate in order to have technical replication. 
A standard curve of seven points with a range from  102 to 
 108 gene copies and a no-template control (NTC) were also 
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run in triplicate in each qPCR plate. The standard curves 
for each primer set were generated using PCR amplicons 
obtained from environmental samples and further con-
firmed by Sanger sequencing (GeneWiz, Piscataway, NJ). 
Once the sequences were confirmed via NCBI Nucleotide 
BLAST, the PCR products were cloned with a TOPO A 
cloning kit (Thermo Fisher, Waltham, WA) following 
the manufacturer’s instructions and quantified using the 
method described in Pei et al. [18]. The average R2 of the 
standard curves in all reactions was 0.98 ± 0.01, and the 
efficiency was 94.2 ± 2.8%. These averages do not include 
the results from atpE, which were reported as present or 
absent due to low efficiency. Presence/absence of atpE 
was confirmed by gel electrophoresis. qPCR results of the 
ARGs were presented as gene copies per gram of cDNA 
based on the DNA concentration in the samples that was 
measured using a NanoDrop One (Thermo Fisher Scien-
tific, Waltham, MA). The limit of quantitation (LOQ) was 
determined based on the lowest qPCR standard and ranged 
from  Log10 (8.84) to  Log10 (8.99) gene copies/g of DNA 
due to the different amount of DNA in different samples. 
Melt curve analysis was performed on all the SYBR green 
qPCR reactions. Agarose gel electrophoresis was used to 
verify the amplicon length of selected qPCR products from 
all genes and to confirm the presence of genes with con-
centrations below the LOQ.

To study the prokaryotic diversity of metabolically active 
microbial groups of interest in sewer systems, 16S rRNA 
amplicon sequencing (Illumina MiSeq, 300-bp, paired-end, 
V3–V4 region) was performed to the cDNA samples that 
were synthesized from the total RNA (referred to through-
out the text as 16S rRNA sequencing). Sequencing was per-
formed at a commercial laboratory (MrDNA, Shallowater, 
TX) targeting the V3–V4 region on all of the sewer sediment 
samples (N = 10) and wastewater influent samples (N = 10). 
The primer sequences used by the commercial lab to gen-
erate the 16S rRNA gene amplicons were the following: 
forward 5′-CCT ACG GGN GGC WGC AG-3′ and reverse 
5′-GAC TAC HVG GGT ATC TAA TCC-3′ [26].

To compare the diversity of ribosome synthesizing cells 
(16S rRNA sequencing) with the total microbiome based 
on DNA analysis (16S rRNA gene sequencing), data from a 
previous amplicon sequencing of the 16S rRNA gene on the 
total DNA of aliquots of the same sewer sediment (N = 10) 
and wastewater (N = 10) [5] was re-analyzed (given that it 
had been analyzed using Qiime rather than Qiime2) and 
processed along with the 16S rRNA sequencing data (as 
explained below) to facilitate comparison. Note, the 16S 
rRNA gene sequencing results were not significantly differ-
ent between the different versions of Qiime (p = 0.30, PER-
MANOVA); however, to be consistent, the output for Qiime2 
was used for comparisons between the 16S rRNA and 16S 
rRNA gene sequencing.

Amplicon sequencing results were processed using 
Qiime2-2019.4 [27] by following the “Atacama soil micro-
biome” tutorial in https:// qiime2. org and a previously pub-
lished pipeline [28] in order to create operational taxo-
nomic unit (OTU) tables. A median of 20 quality score 
was used as threshold to truncate low-quality nucleotides. 
Chimeras were verified using the option “qiime vsearch 
uchime-denovo.” The sequences of all samples including 
the 16S rRNA and 16S rRNA gene samples were randomly 
subsampled (rarefied) at 23,000 sequences per sample. 
Rarefaction curves are shown in Fig. S1. Sequences were 
submitted to NCBI’s Short Read Archive (https:// www. 
ncbi. nlm. nih. gov) and are available under accession num-
bers SAMN10356374-SAMN10356393. All the sequences 
including the 16S rRNA gene sequences can be found 
under the project number PRJNA503259 in NCBI. The 
RNA to DNA ratio of relevant prokaryote taxa was cal-
culated by dividing each 16S rRNA OTU sequence count 
after rarefaction by the corresponding 16S rRNA gene 
OTU sequence count after rarefaction and then averaging 
these values (N = 2).

Microbial Diversity and Statistics

All statistical and prokaryote diversity analyses were per-
formed in R (http:// www.r- proje ct. org) [29]. To compare 
the abundance of ARGs as a function of matrix (sediment 
vs. wastewater) and sewer type (combined vs. separate), a 
Wilcoxon Rank Sum test was performed for non-parametric 
data and a Student t-test for parametric data. Non-normality 
of the data was confirmed by a Shapiro–Wilk test. To com-
pare the abundance of these genes between the five different 
collection systems/WWTP, a Kruskal–Wallis test was done 
with a post hoc pairwise t-test with a Bonferroni correction 
for multiple comparisons.

Alpha-diversity measurements including richness, even-
ness, Shannon, Simpson, inverse Simpson, and Fisher alpha 
diversity indices were performed using the Vegan: Com-
munity Ecology Package, version 2.5–6 [30]. Differences 
in diversity indices between samples were determined with 
a Kruskal–Wallis test followed by a post hoc pairwise t-test 
with a Bonferroni correction. Differences in diversity indi-
ces as a function of matrix (sediment vs. wastewater) and 
sewer type (combined vs. separate) were determined though 
a Wilcoxon Rank Sum test or a Student t-test, as described 
above. To compare the microbial community structure 
between matrices (sediment vs. wastewater), sewer type 
(separate vs. combined), and 16S rRNA gene sequencing 
(total prokaryotes) vs. 16S rRNA sequencing (Ribosome-
synthesizing prokaryotes), a Bray–Curtis dissimilarity 
matrix was calculated at the family level followed by non-
metric multidimensional scaling (nMDS) [30]. Statistical 
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differences were determined through a permutational multi-
variate analysis of variance (PERMANOVA) [30] and a post 
hoc pairwise PERMANOVA with a Bonferroni correction 
(PairwiseAdonis package version 0.3.) [31]. Cluster analysis 
was performed to compute a dendrogram using a Bray–Cur-
tis dissimilarity index [30]. A heatmap was created [29] to 
visualize the dominant family taxa in each sample.

Results

Analysis and Quantification of ARG Transcripts

To understand the abundance of ARGs being actively 
transcribed in sewer systems, cDNA synthesized from the 
mRNA from sewer sediment and wastewater samples were 
analyzed through qPCR. Three of the eight targeted ARGs 
(sul1,  blaTEM, tet(G) tet(O), tet(W), ermF, vanA, and NDM-
1) were detected in select samples (sul1,  blaTEM, tet(G), 
Fig. 1) from the five collection systems/WWTP. No qPCR 
signal was detected from the other five genes in any of the 
samples. Of the 14 samples analyzed, 10 were positive for 
at least one ARG: eight (8/9) were sewer sediment samples 
and two (2/5) were wastewater samples.

Of the three detected ARGs (sul1, blaTEM, tet(G)), sul1 
was the most common and was detected in 8 of the 10 sam-
ples that were positive for ARGs (N = 10, Fig. 1). However, 
sul1was above the limit of quantitation (LOQ) in only two of 

the samples. tet(G) was the second most commonly observed 
ARG and was detected in 3 of the 10 samples that were 
positive for ARGs but was above the LOQ in two samples 
(Fig. 1). blaTEM was detected in two sediment samples and 
above LOQ in one sample (Fig. 1). None of the targeted 
ARGs were detected above the LOQ in wastewater samples. 
No differences in ARG transcripts were observed by sewer 
type (p = 0.12, PERMANOVA).

Prokaryote Community Analysis

The diversity of cells actively synthesizing ribosomes was 
analyzed through 16S rRNA amplicon sequencing. No dif-
ferences in the 16S rRNA sequencing data were detected by 
comparing the alpha diversity measurements (Table S2) of 
all the samples as a factor of matrix (p > 0.34, paired Wil-
coxon Rank Sum test) or as factor of sewer type (separate vs. 
combined; p = 0.31, Wilcoxon Rank Sum test). Beta diver-
sity analysis of the community structure of the 16S rRNA 
sequencing visualized though nMDS resulted in differences 
as a factor of matrix (sediment vs. wastewater, Fig. S2A; 
p = 0.048, PERMANOVA). However, no difference was 
detected in the same analysis for the rRNA gene sequenc-
ing (Fig. S2B; p = 0.60, PERMANOVA). No differences in 
the 16S rRNA prokaryote community structure (Fig. 2A) 
were detected between separate and combined sewer sys-
tems’ samples (p = 0.12, PERMANOVA). Cluster analysis 
of the 16S rRNA data (Fig. 3A) showed that three of the 
five sediment samples from combined sewers clustered with 
more than 85% similarity. Samples C1-Sed, S2-WW, and 
S2-Sed clustered most similarly with their replicate samples 
(same system, same matrix), exhibiting similarities over 77% 
(Fig. 3A). No other clusters with more than 75% similarity 
were observed to be associated with any other factor.

The microbial community structure was compared 
between actively transcribed 16S rRNA and DNA from 16S 
rRNA gene amplicons (Fig. 2B). The 16S rRNA commu-
nity profile in wastewater samples was significantly differ-
ent (p < 0.0060, pairwise PERMANOVA) from 16S rRNA 
gene community analysis. This difference is not noticed in 
sediment samples (p > 0.060, pairwise PERMANOVA). In 
wastewater samples, sequences from the family of Strepto-
coccaceae were significantly higher in the 16S rRNA gene 
analysis compared to the 16S rRNA sequencing (Fig. S3 
and Fig. 4, p < 0.041, pairwise t-test). However, sequences 
from other family taxa (not shown in Fig. 4), including taxa 
containing corrosion-causing prokaryotes and potential 
human pathogens, were significantly more abundant in the 
16S rRNA sequencing analysis than in the 16S rRNA gene 
sequencing analysis resulting in RNA to DNA ratios above 
one. For example, the Pseudomonadaceae taxon resulted in 
a relative sequence abundance of more than 50% in 8 of the 
20 16S rRNA samples vs. 0.75% ± 0.53% in the 16S rRNA 
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Fig. 1  Abundance of actively transcribed ARGs based on mRNA 
RT-qPCR in combined (C) and separate (S) sanitary sewer sys-
tem from sediment and wastewater matrices. Two identical symbols 
in sewer sediment samples S1, S2, and C1 represent the replicate 
samples collected on different dates (n = 2) Error bars represent the 
standard deviation of technical replicates (n = 3). The range of the 
LOQ was established based on the qPCR lowest value of the stand-
ard curve calculated with the sample that had the highest and low-
est cDNA concentration  (Log10 (8.84) to  Log10 (8.99) gene copies/g 
of DNA). Points above the dotted lines represent samples above the 
LOQ. Points below the red dotted line represent the samples that 
were below the LOQ but detected by traditional PCR. Points below 
the LOQ were assigned with a random value between  Log10 7.0 and 
 Log10 8.0
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gene analysis and with an RNA to DNA ratio above one in 
16 of the 20 samples (Fig. S3).

To illustrate the presence of specific metabolically active 
microbes in sewer systems, a heatmap containing the most 
abundant prokaryote families of the 16S rRNA sequencing 
analysis (Fig. 3B). Of the 60 illustrated taxa, two of them 
belong the Archaea domain and are hydrogenotrophic metha-
nogens: Metanobacteraiacea and Methansaetaceae. The other 
58 taxa belong to the bacteria domain and including some 
environmental bacteria taxa of interest and some of potential 
clinical relevance. Arcobacteraceae, Pseudomanadaceae, Strep-
tococcaceae, Clostridiaceae, and Enterobacteriaceae which 
are family taxa containing potential human pathogens were 
detected metabolically active in both matrices. Some relevant 
families were more commonly observed in the wastewater than 
the sediment matrix. This is the case of Mycobacteraceae which 
was detected in 9/10 of the wastewater samples but only in 
2/10 of the sediment samples. Moreover, pathogenic species 
of non-tuberculosis Mycobacteria (NTM) were detected in gel 
electrophoresis but not quantifiable by qPCR in the wastewa-
ter samples. Other families were more prevalent in the sewer 
sediment or similar between matrices. Spirochaetaceae, which 
contains some potential human pathogen species, were mainly 
found inhabiting the sediment matrix (6/10 samples) rather than 
in wastewater samples (2/10) (Figs. 3B and 4). In the case of 
relevant environmental taxa known to be involved in micro-
bially induced corrosion (MIC), methanogenic archaea, 16S 
rRNA sequences had higher relative abundance in the sediment 
matrix than in wastewater (Fig. 3B, p = 0.041, PERMANOVA). 
Sulfate-reducing bacteria (SRB) taxa, Desulfobulbaceae and 

Desulfovibrionaceae, were metabolically active with similar 
relative abundance of 16S rRNA sequences in both matrices 
(Fig. 3B).

Discussion

Characterization of ARG Transcripts and Comparison 
with Previous Study

sul1 was the most commonly detected ARG transcript in 
the sewer samples. This has consistently been reported as 
the most abundant ARG among all matrices in sewer sys-
tem (wastewater [3–5, 7, 32], sewer sediment [2, 5], and 
biofilms [2, 7]) including in the paired DNA samples for 
this study ranging from − 1 to − 2 Log10 copies per copy 
of 16S rRNA gene [5]. tet(G) and blaTEM have also been 
commonly detected in sewer bacterial communities [2–5, 
7, 32, 33]. tet(G) ranged between − 2 and − 3.5 Log10 
copies per copy of 16S rRNA gene. However, ermF, the 
second most abundant gene in the paired DNA samples 
(− 2 to − 3 Log10 copies per copy of 16S rRNA gene) [5], 
was not detected as actively transcribed in the mRNA. 
This suggests that abundance of an ARG at the metagen-
omic level (total DNA) does not necessary correlate with 
abundance of the actively transcribed gene (mRNA). The 
low abundance of transcribed ARGs may also suggest 
that even though genomic studies have highlighted sewer 
systems as hotspots of ARGs [2, 4, 5, 7, 9], the prolifera-
tion of ARGs do not scale linearly with the proliferation 

Fig. 2  Non-metric multidimensional scaling (nMDS) showing the 
A prokaryote community structure based on 16S rRNA analysis 
(stress = 0.073) as a factor of sewer system (shapes) and matrix-sewer 
type (color), and B a comparison between the prokaryote community 

structure obtained from 16S rRNA vs. 16S rRNA gene sequencing 
(stress = 0.065) as a factor of matrix-starting nucleic acid used for 
analysis (colors) and sewer system (shapes)
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of antibiotic-resistant bacteria. Therefore, the use of 
metagenomic approaches to estimate abundance of anti-
biotic resistance bacteria in sewer systems will most likely 
result in overestimation of these cells. However, bacterial 
cells may not be transcribing the ARGs due to regula-
tory mechanisms that require the presence of the antibiotic 
molecule to promote gene expression [34, 35], or given the 
transient nature of mRNA, it is possible transcription was 
not captured at the time of sampling. Several studies have 
shown select antibiotics are present above the predicted 
minimum inhibition levels in sewage [6, 36, 37]. When 
these antibiotics are not present, gene expression would 
not be promoted, for example, for vanA that is regulated by 
a two-component system and ARGs that confer ribosomal 
protection such as some tet genes that are regulated by 
a repressor [34, 38]. This could explain why some ARG 
transcripts were undetected in the samples. Despite this 

limitation, here we demonstrated that mRNA RT-qPCR 
can be a suitable approach to quantify ARG transcripts in 
sewer sediment and wastewater samples.

Actively transcribed ARGs were more commonly 
detected in the sewer sediment samples relative to waste-
water (Fig. 1). In contrast, in the previous genomic study, 
the six of the seven tested ARGs were present at a greater 
relative abundance in wastewater than the sewer sediments. 
Possible explanations for active transcription in the sewer 
sediment can be quorum sensing, presence on plasmids, or 
selective pressure. It has been proven that cell density can 
regulate the expression of multiple types of genes including 
ARGs [39]. Because in the sewer sediment matrix cells are 
mainly sessile growing attached to sediment, cell-to-cell 
interactions may be more likely to occur in comparison 
with the wastewater matrix, where cells are planktonic or 
attached to suspended solids. A previous study showed 

Fig. 3  Beta-diversity analysis of 
the microbiomes of combined 
(C) and separate (S) sanitary 
sewer wastewater (WW) and 
sediment (Sed) matrices. A A 
cluster analysis illustrating the 
percent similarity between each 
sample. B a heatmap showing 
the microbiome at the fam-
ily level of the samples. Red 
corresponds to a higher relative 
abundance of sequences cor-
responding to the taxon while 
yellow corresponds to a lower 
number of sequences
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that the expression of the MexAB-OprM efflux pump ARG 
(note, tet(G) also encodes for an efflux pump) was posi-
tively regulated by quorum sensing in bacterial cells grow-
ing sessile in a culture media [40]. Another study showed 
that the PA1874–PA1877 drug efflux pump system had a 
tenfold higher gene expression when the cells were grow-
ing sessile in a biofilm under laboratory conditions com-
pared to planktonic cells [41]. In addition, these three genes 
(sul1, blaTEM, and tet(G)) have been identified in plasmids 
and mobile genetic elements including in wastewater sam-
ples [42–45], allowing for horizontal transfer, potentially 
increasing their abundance. However, other ARGs not 
detected in the transcripts that were highly abundant in the 
DNA, such as ermF, have been also found in transmissible 
mobile genetic elements in wastewater [45]. The presence 
of associated antibiotics in sewer systems could also impact 
gene expression. Monitoring for antibiotics was beyond the 
scope of this study, but other researchers have reported 
antibiotics above the predicted no-effect concentrations in 
wastewater [6] including tetracycline associated with tet(G) 
and penicillin (i.e., ampicillin and amoxicillin) associated 
with blaTEM [6]. Hydrophobic antibiotics such as fluoroqui-
nolones can accumulate in sewer sediments [36]. However, 
Jarnheimer et al.’s simulated sewer study did not associate 
an increase in the abundance of qnr genes with sorption of 
fluroquinolones, but the impact on transcribed qnr genes 
was not evaluated.

Prokaryote Community Analysis: Comparison of 16S 
rRNA and 16S rRNA Gene Sequencing

The similarity in the prokaryotic community structure 
between the sewer types (combined vs. separate) may 
be due to the fact that all samples were collected during 
baseflow; therefore, the combined sewer wastewater was 
not diluted with stormwater. To our knowledge, no stud-
ies have assessed the prokaryote diversity of ribosome-
synthesizing cells in sewer systems. Differences in the 
microbial community structure of wastewater, based on 
16S rRNA gene vs.16S rRNA sequencing, suggest that 
16S rRNA genes from non-metabolically active cells and/
or extracellular 16S rRNA genes may affect the waste-
water microbiome analysis when relying only on DNA-
based techniques. This observation is also consistent 
with previous microbiome studies of lake and tap water 
samples [10], and fluid samples from an oil production 
facility [46], where beta-diversity differed between 16S 
rRNA gene and rRNA sequencing analysis. A likely rea-
son for the differences in the microbial diversity results 
between rRNA gene and rRNA sequencing is the half-
life of the DNA and RNA. In comparison to DNA, the 
half-life of RNA in the environment is much shorter [10]. 
A previous study on soil samples from alpine forests, 
alpine tundra, grasslands, and wetlands showed that in 
some soil ecosystems, extracellular DNA and DNA from 

Fig. 4  Bar plots comparing the 
relative abundance of clinically 
relevant family taxa between the 
16S rRNA and 16S rRNA gene 
microbiome analysis. Error bars 
represent the standard deviation 
(n = 2)
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dead cells can inflate the prokaryotic community rich-
ness and misestimate the relative abundances of bacterial 
taxa [47]. Another study in chlorinated wastewater efflu-
ent showed an average ratio of ~ 0.3 of 16S rRNA genes 
from viable cells to 16S rRNA genes from dead cells and 
extracellular DNA [3]; this is expected to be higher in 
untreated wastewater influent. This could explain why 
more sequences of some of the relevant taxa contain-
ing human pathogens were detected in the rRNA gene 
microbiome than in the rRNA transcript microbiomes 
(Fig. 4). The most notable example from this study is the 
family of Streptococcaceae, which had noticeably higher 
number of 16S rRNA gene sequences relative to 16S 
rRNA sequences in all wastewater samples (p < 0.041, 
pairwise t test). However, other family taxa showed RNA 
to DNA ratios above one, indicating a greater number of 
these sequences in the 16S rRNA than in the 16S rRNA 
gene analysis (p < 0.034, pairwise t test). A possible 
explanation for the discrepancy between the 16S rRNA 
and 16S rRNA gene sequences from the same taxa can 
be due to the fact that rRNA concentration does not scale 
linearly with growth rate uniformly across taxa [14]. For 
example, in some Synechococcus spp. and Prochlorococ-
cus spp., the rRNA concentration remains constant at low 
growth rate, and at intermediate growth rates, the rRNA 
concentration correlates linearly with growth rate, but 
at higher growth rates, the rRNA content decreases as 
growth increases [14, 48]. Another possible explanation 
for the discrepancy in number of sequences could be due 
to differences in recovery efficiencies between the two 
approaches (16S rRNA vs. 16S rRNA gene sequencing). 
Potential causes of differences in recovery could occur in 
the sample pre-processing: different nucleic acid extrac-
tion kits were used for each approach (FastDNA SPIN 
Kit for soil for 16S rRNA gene sequencing and RNeasy 
PowerSoil Total RNA Kit for 16S rRNA sequencing). 
Previous studies have reported differences in recovery 
efficiency from different nucleic acid extraction kits [49, 
50]. Additionally, pre-processing of 16S rRNA required 
a reverse transcription step, which can also affect the 
recovery efficiency [51].

Even though the use of 16S rRNA sequencing has 
been proven to not correlate linearly with the abundance 
of some taxa in environmental samples [14], it is still a 
useful tool with which to study the metabolically active 
microbiome in environmental samples [10, 11, 14, 46]. 
Here we showed that 16S rRNA sequencing can be per-
formed with sewer sediment and wastewater samples to 
study the active microbiome in the sewer ecosystems. 
We also demonstrated that 16S rRNA vs. 16S rRNA 
gene sequencing analysis of the sewer system micro-
biome may result in a different microbial community 
structure.

Phylogenetic Analysis of Active Prokaryotes 
in Sewer Systems: Potential Human Pathogens 
and Corrosion‑Causing Microbes

Sequencing of the 16S rRNA showed the presence of 
some environmentally and clinically relevant taxonomi-
cal families. PCR targeting NTM showed that these bac-
teria were more commonly detected in wastewater than in 
sediment samples. NTM are known to be environmental 
bacteria with ubiquitous presence in water and soil [52]. 
They have been isolated from wastewater influent [52, 
53] and from activated sludge [54] but their presence and 
occurrence in sewer sediments have not been evaluated. 
In contrast, sequences of other clinically relevant families 
like Spirochaetaceae were mainly found in the sediment 
matrix. Species of this family are also known to be one of 
the most abundant bacteria involved in sulfur oxidation in 
WWTPs [55]. Because the metabolism of sulfur is more 
associated with the sediment matrix due to the lower oxi-
dation–reduction potential (ORP) [56], this could explain 
why the sequences of metabolically active Spirochaeta-
ceae were more common in sediment samples. 16S rRNA 
sequences of hydrogenotrophic methanogenic Archaea 
were also found more commonly in the sediment matrix. 
These corrosion-causing microbes are strict anaerobes 
and are known to grow forming aggregates called granules 
with a hydrogen-producing syntrophic bacteria [57]. These 
granules have been widely isolated from sediment matrices 
including ocean sediment, lake sediment, and sewer sedi-
ments, which explains why sequences of this family taxa 
predominates in the sediment matrix [58]. In contrast to 
the methanogens, sequences of SRB families Desulfobul-
baceae and Desulfovibrionaceae were detected in similar 
relative abundance in both matrices. Even though these 
SRB are obligate anaerobes like methanogens, they are bet-
ter growing independently and taking up hydrogen from the 
environment, which allows them to develop ubiquitously 
[59] including in the wastewater matrix [60]. Of further 
interest for the sewer microbiome is these microbes’ role in 
MIC. The US spent ~ $390 billion in 20 years for the reha-
bilitation of concrete sewer structures [61]. Methanogens 
and sulfate-reducing bacteria are responsible for MIC of 
concrete and metal pipes [46, 61, 62]. A complementary 
16S rRNA and 16S rRNA gene microbiome study made on 
water and fluid samples from an oil production facility with 
corrosion issues showed higher sequence abundance of 
both methanogens and SRB in the rRNA community [46]. 
These observations and the fact that both methanogens 
and SRB were present metabolically active in all sewer 
samples suggest that 16S rRNA microbiome analysis or 
complementary 16S rRNA and 16S rRNA gene sequencing 
analysis may provide more useful information for address-
ing MIC issues on sewer pipes than DNA techniques alone.
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The families Arcobacteraceae, Pseudomanadaceae, Strep-
tococcaceae, Clostridiaceae, and Enterobacteriaceae were 
also detected as metabolically active in both matrices. Arco-
bacter spp., a genus in the Arcobacteraceae family, have 
been consistently detected in concentrations around  106 cells 
per mL of wastewater [63, 64]. This explains why this fam-
ily was one of the most common taxa containing potential 
human pathogens in both 16S rRNA and 16S rRNA gene 
sequencing analyses. Enterobacteraceae and Streptococ-
caceae are family taxa containing potential pathogenic and 
fecal indicator bacteria and their sequences were also com-
monly found in both matrices (Fig. 4 and Fig. S3) [65, 66]. A 
compilation of the relative abundance of predominant fam-
ily taxa in wastewater from multiple studies (based on 16S 
rRNA gene amplicon and metagenome sequencing) showed 
that Enterobacteraceae and Streptococcaceae can compose 
1.16% and 3.91% of the wastewater microbiome, respec-
tively [63]. The presence of these taxa in the 16S rRNA 
analysis suggests that, as expected, fecal indicator bacteria 
persist and remain metabolically active in both wastewater 
and sewer sediment.

One noticeable result was the high number of sequences 
from metabolically active cells of the Pseudomonadaceae 
family (> 50% in 8/20 samples). Bacteria from this taxon are 
ubiquitous and have been isolated from both wastewater and 
sediments [67, 68]; however, the average reported relative 
abundance in sewage based on DNA amplicon sequencing 
was 2.38% [63]. In fact, in the present study, the average rel-
ative abundance of this same taxon based on 16S rRNA gene 
sequencing analysis was 0.75% ± 0.53. A possible explana-
tion for the high number of 16S rRNA sequences of the 
Pseudomonadaceae can be due to a non-scaled growth and 
rRNA concentration relationship as previously explained 
[14]. It has been reported that some bacterial species carry 
more rRNA copies in environments with high carbon availa-
bility, such as sewer systems, with the purpose of competing 
more efficiently when a substrate becomes available rather 
than for maintaining a high growth rate [69]. The phyloge-
netic analysis of the 16S rRNA sequences of this study along 
with the PCR targeting NTM demonstrated that pathogenic 
Mycobacterium spp. and other potential human pathogenic 
bacteria, and member of family taxa known to cause MIC, 
are present and metabolically active in sewer sediment and 
wastewater in both combined and separate sanitary sewer 
systems.

Implications for Mobilization During Wet Weather 
Flows and Wastewater‑Based Epidemiology

The observations presented in this work have implications 
for understanding the hazards associated with sewer over-
flow as a function of sewer matrix. The wastewater and 
sewer sediments, studied here during baseflow conditions, 

can be released to surface waters during wet weather flows. 
Overflows that mobilize sediment in addition to wastewater 
would shift the active microbial hazard. Previous end-of-
pipe studies of combined sewer overflow (CSO) outfalls 
demonstrated that attached and suspended microbes can 
be released at different times during storms [9]. This same 
research showed the presence of clinically relevant bacterial 
classes in CSOs including Clostridia, Bacteroidia, and Epsi-
lonproteobacteria [9]; however, these data were obtained 
using DNA-based techniques. Results of the present study 
indicate that, if sewer sediment is released, more active 
pathogens in the Spirochaetaceae family will potentially be 
present, while pathogens from the Mycobacteraceae fam-
ily could more likely be present when wastewater alone is 
released. These data can inform the design of treatment tech-
nologies that target different microbes.

The potential for shifts in the wastewater microbiome 
from metabolically active microbial community members 
and the decay of inactive members may be expected to be 
a function of hydraulic residence time and the kinetics of 
growth and decay. This could be accounted for during waste-
water epidemiology studies if it were found to be sufficient 
to impact results of observations taken at different locations 
within the collection system. The shift in community struc-
ture from the fresh gut microbiome to wastewater [70, 71] 
indicates this may be possible. Of interest is the potential 
for sewers to serve as selective environments for growth of 
ARG-carrying microbes, selection, and/or horizonal gene 
transfer. Here we demonstrate expression of selected ARGs 
in sewer matrices.

Conclusion

mRNA analysis of the occurrence of ARGs in sewer sedi-
ment and wastewater provided insight in the abundance of 
functional ARGs in these matrices. sul1, tet(G), and blaTEM 
were transcribed ARGs, and their presence was more com-
monly observed in the sewer sediment matrix. Non-detec-
tion of mRNA sequences from some ARGs that were highly 
abundant in the previous DNA-based analysis [5] suggests 
that abundance of an ARG at the metagenomic level (total 
DNA) does not necessarily correlate with the abundance of 
the actively transcribed gene (mRNA). The use of mRNA 
RT-qPCR may be a useful tool to assess the antibiotic resist-
ance transcriptome of sewer systems. 16S rRNA sequenc-
ing analysis resulted in a different community structure and 
diversity than in the 16S rRNA gene microbial community 
analysis. Family taxa containing potential human pathogens 
and corrosion-causing bacteria were present and metaboli-
cally active in wastewater and sewer sediment samples in 
both combined and separate sanitary sewer systems. Over-
all, our results highlight the presence of cells with actively 
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transcribed ARGs and metabolically active family taxa con-
taining human pathogenic cells that would pose a hazard 
when released to the environment during sewer overflow 
events and may need to be accounted for in wastewater-based 
surveillance studies.
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