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Abstract

The use of molecular probe technology is demonstrated for routine identification and tracking of 

cultured and uncultured microorganisms in an activated sludge bioreactor treating domestic 

wastewater. A key advantage of molecular probe technology is that it can interrogate hundreds of 

microbial species of interest in a single measurement. In environmental niches where a single 

genus (such as Competibacteraceae) dominates, it can be difficult and expensive to identify 

microorganisms that are present at low relative abundance. With molecular probe technology, it is 

straightforward.

Members of the Competibacteraceae family, none of which have been grown in pure culture, are 

abundant in an activated sludge system in the San Francisco Bay Area, California, USA. 

Molecular probe ensembles with and without Competibacteraceae probes were constructed. 

Whereas the probe ensemble with Competibacteraceae probes identified a total of ten bacteria, the 

molecular probe ensemble without Competibacteraceae probes identified 29 bacteria, including 

many at low relative abundance and including some species of public health significance.
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1. Introduction

Biological water resource recovery relies upon complex self-assembled microbial 

communities to purify wastewater. These systems must be reliable and robust in order to 

protect the environment and public health (Rittmann et al., 2006). Effective monitoring is 

needed because process upsets at water resource recovery facilities (WRRFs) can often be 

attributed to a change in the relative abundance of a subpopulation of microorganisms 

(Graham and Smith, 2004). Appropriate corrective actions for these upsets often rely on 

proper identification of functionally important species (Seviour and Nielsen, 2010, Tandoi et 

al., 2015). Therefore, robust monitoring methods are required to diagnose process upsets.

Of the several monitoring methods in common use, each has advantages and disadvantages. 

Microscopic identification is often used to monitor filamentous microorganisms (Jenkins et 

al., 2004, Seviour and Nielsen, 2010). Although this procedure is inexpensive, unrelated 

organisms often look very similar and cannot be distinguished adequately. Cultivation of 
microorganisms is employed for identification based on metabolism, but this method only 

identifies microorganisms that can be grown in culture. The majority of species in activated 

sludge have not been grown in culture (Solden et al., 2016, Zhang et al., 2012). Fluorescence 
in situ hybridization (FISH) (Daims et al., 2006, He et al., 2007) can be used to probe the 

identity of specific microorganisms or genes of interest, but is a low-throughput technology. 

Microarray analyses (PhyloChip and GeoChip; Zhou et al., 2015) enable higher throughput, 

but many probe sequences fail to resolve species-level taxonomy using 16S ribosomal RNA 

or DNA. Quantitative PCR (qPCR) is sensitive and quantitative, but only one microorganism 

(or, at most, a few) may be evaluated at a time. The reason is that there are a limited number 

of fluorescent dyes that may be combined and measured simultaneously. Interrogating 

hundreds of microorganisms in one tube is not feasible. Amplification and sequencing of 
16S rRNA genes has been used extensively, but all amplification primers have been shown 

to harbor biases (Albertsen et al., 2015). Metagenomic shotgun sequencing (Guo et al., 

2016) can identify and assemble the sequence reads corresponding to the 16S ribosomal 

DNAs or portions thereof. This procedure appears to have little bias, but its efficacy is 
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highly dependent on the depth of sequencing because fewer than 5% of the sequence reads 

are actually employed.

In complex systems that require the identification and monitoring of dozens to hundreds of 

microorganisms, molecular probe technology is especially useful. Molecular probe 

technology is a robust, culture-independent and multiplexed means of identifying bacteria 

present at even low abundances (Xu et al., 2014). (A diagram of a molecular probe is shown 

in Figure S1, Supplementary material.) To enable multiplexed detection, a probe ensemble 

can be easily created by mixing probes targeting those bacteria. In this study, molecular 

probe technology was applied to study samples of activated sludge taken monthly over a 

period of 22 months from the secondary treatment system at a WRRF in the San Francisco 

Bay Area, California, USA. Within this plant’s secondary system, bacteria of the 

Competibacteraceae family are dominant members of the microbial community, likely 

because of the operation of a first stage anaerobic selector followed by pure oxygen aeration 

(Brand et al., 2019). An ensemble of molecular probes was employed to interrogate two 

Competibacteraceae clades and hundreds of other bacteria monthly over a course of 22 

months.

2. Materials and Methods

2.1 Raw Wastewater to MLSS.

Weekly grab composite samples of MLSS were collected from the secondary treatment 

system at the WRRF in the San Francisco Bay Area, in Northern California, USA. The 

WRRF treats an average of 63 million gallons of wastewater per day from domestic and 

industrial sources. Raw sewage passes through grit removal and primary sedimentation 

before passing into secondary treatment for organic removal prior to effluent discharge into 

San Francisco Bay. This process consists of a four-stage pure-oxygen aeration system where 

the first stage is operated as an anaerobic selector. In addition, the WRRF operates an 

anaerobic digester for biosolids and high-strength trucked waste. Centrate from this digester 

is combined with the raw influent upstream of primary sedimentation. 2.0 mL samples were 

centrifuged on-site, the supernatant decanted, and the pelleted MLSS stored at −20°C until 

use.

2.2 MLSS to Total DNA.

One hundred μl of 0.01 M Tris, 0.001 M EDTA, pH8.5 (TE), were added to a freshly thawed 

sample of MLSS. The mixture was vortexed to resuspend the MLSS. The solution was 

transferred to a 2 mL Microtube containing 0.5 mm RNase/DNase-free glass beads 

(BeadRuptor, Omni International, 935-C Cobb Place Blvd., Kennesaw, GA 30144). Sixty μl 

of reagent C1 from a PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc., #12888–100, 

2746 Loker Avenue West, Carlsbad, CA 92010) were added. The Microtube was placed into 

the BeadRuptor. The mixture was pulsed for 60 sec on high ten times. The Microtube was 

centrifuged at 10,000 × g for 30 sec. The liquid and the SDS foam (400–500 μl total) were 

transferred to a collection tube. Thereafter, the MoBio directions were followed. To generate 

sufficient starting material for the molecular probe reactions, the MLSS DNAs were taken 
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through whole genome amplification (WGA; Sigma-Aldrich Corp. 3050 Spruce St., St. 

Louis, MO 63103).

2.3 The Molecular Probe Ensemble.

Oligonucleotide probes were designed as described previously (Xu et al., 2014). In brief, the 

aim was to design and synthesize 20 probes for each bacterial genome (or gene) sequence. 

The molecular probes were 96-mers composed of two domains: a 60-base homology 

sequence known as a “Homer” identical in sequence to the target genome and divided into 

two 30-base end sections and a common 36-base interior PCR amplification primer domain 

(Figure S1, Supplemental material). The Homers were derived from the genome sequences 

available on the National Center for Biotechnology Information public website (RefSeq) 

(https://www.ncbi.nlm.nih.gov/genome/browse/#!/overview/) by applying the custom script, 

blaster.rb, which is freely available at http://med.stanford.edu/sgtc/research/blaster.html. 

Whenever possible, RefSeq genome sequences were employed because they are well-

curated. The individual probe designs are shown in Table S1 (Supplemental material). For 

this first group of molecular probes, 6,872 probes targeting 353 bacteria were designed.

In addition, there were three special cases. The bacterium Nocardia was one special case. 

Two Nocardia genome sequences were available: NC_006361, a RefSeq genome of 

Nocardia farcinica, and BAGG01000000, a whole genome shotgun sequencing assembly of 

Nocardia takedensis. Twenty probes were designed from each Nocardia genome sequence. 

The Competibacteraceae bacteria were the second special case. Because these bacteria have 

not been grown in culture, it is not possible to purify Competibacteraceae DNA starting with 

a pure culture.

Although two Competibacteraceae genomes from metagenomes were available in the 

database (McIlroy et al., 2013), the wide genome sequence diversity of this lineage (McIlroy 

et al., 2015a) warranted probe design based upon the phylotypes present at this WRRF. 

Thus, bacterial cells were collected from the MLSS samples. Total DNA was prepared from 

the bacterial cells and shotgun sequenced. The resulting sequence reads were assembled into 

groups of contigs (Brand et al., 2019). The sequences from the most secure contigs in the 

GCF_001051235 assembly were employed to design 53 probes. These were synthesized in-

house (Jensen et al., 2013). Of these molecular probes, 42 were later shown to match the 

dominant Competibacteraceae CPB_P15 genome. None matched the Competibacteraceae 
CPB_M38 genome. Seven matched the Competibacteraceae CPB_C95 genome. One probe 

matched more than one genome sequence, and three probes matched unknown targets. In 

total, 6,954 molecular probes targeting 356 bacterial genomes were designed. For the third 

special case, 179 probes targeting 10 E. coli toxin genes (AGGR, BFPA, EAEA, EAST1, 

IPAH, LT, STH, STP, STX1 and STX2) were designed.

With the exception of the Competibacteraceae and Nocardia probes, all other 

oligonucleotides were purchased from Agilent Technologies, (5301 Stevens Creek Blvd, 

Santa Clara, CA 95051). In total, 7,133 oligonucleotides (potential molecular probes) were 

synthesized. With the exception of the Competibacteraceae and Nocardia probes, all 

oligonucleotides were subjected to Recombinase-Directed Indexing (REDI) to isolate 

sequence-verified molecular probe DNA, which was then converted to 5’-phosphorylated, 
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single-stranded DNA as previously described (Smith et al., 2017). Because of the limitations 

of money and time, the REDI procedure was discontinued after successfully processing 

3,356 molecular probes. Thus, the final probe ensemble contained 3,398 molecular probes 

representing 355 bacteria plus 10 toxin genes. The individual molecular probe designs are 

given in Table S1 (Supplemental material). Within the working ensemble, each probe was 

present at a concentration of 25 zeptomol/μl.

2.4 The Molecular Probe Reactions.

The molecular probe reactions have been described in detail (Hyman et al., 2010, 2012, Xu 

et al., 2014). Each WGA MLSS DNA was taken through this procedure for each of the two 

probe ensembles (with and without Competibacteraceae probes).

2.5 Illumina Sequencing.

For each sample, successfully hybridized Homer sequences were PCR-amplified from 

exonuclease-resistant circular DNA with primers recognizing the common priming region of 

the molecular probes (Figure S1, Supplemental material) plus adapter sequences for 

Illumina sequencing.

2.6 Sequence Analysis.

After de-multiplexing, paired reads were first matched to build consensus reads. This step 

helped to minimize sequencing error. Next, consensus reads were aligned to the 60 base 

Homer sequences using Bowtie2 version 2.2.8 employing the “very-sensitive” setting 

(Langmead and Salzberg, 2012). Since the 60-base amplicon is formed by a ligation of the 

two 30 base ends of the molecular probe, the requirement of a proper alignment to the 60-

base amplicon assured that a successful ligation had taken place. Thus, the amplicon 

represented a high-confidence sampling of the target genome.

2.7 Presence Call of Probes and Targets.

For the Illumina sequencing data, the p-values of presence were computed using a negative 

binomial model (Robinson and Smyth, 2007). Each probe was assigned a p-value of 

presence, measuring whether the number of observed reads was significantly larger than a 

random assignment of reads to all probes in the probe ensemble. The p-value was computed 

by the following formula:

P(X = k) = ∑r = 0
n − k k + r − 1

r
1 − p rpk

where p is the probability that a random probe received a sequence read (1/3,398); k is the 

number of reads observed; and n is the total number of reads mapped. A probe with a p-

value of less than 0.05 was considered positive. A bacterium (or a target sequence) was 

considered to be present if it had more than a total of five designated probes and, at least, 

three of them were positive, or, if it had fewer than five probes and, at least, two of them 

were positive (Xu et al., 2014). As a caution, the call of “present” or “absent” might be 

confounded by the unknown affinity of the probe for its target. A high affinity probe that 

attracts more than the average number of sequencing reads would be called “positive”. A 
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low affinity probe that attracts fewer than the average number of sequencing reads would be 

called “negative”.

2.8 Statistical analysis.

Statistical analyses for probe detection were carried out in R2.15.2. Plots were generated 

either in R2.15.2 or Microsoft Excel 2016. Specifically, the pheatmap package was applied 

to draw heatmaps for bacteria detected more than once over the time course using 

normalized and log2-transformed probe-level signal (counts per million).

2.9 Correlation to qPCR.

A qPCR assay for the Competibacteraceae clades present at the WRRF has been described 

(Brand et al., 2019). The trend for the CPB_P15 clade found using the qPCR assay (Brand et 

al., 2019) was compared to that found with molecular probes for the seventeen sampling 

dates from May 2014 to October 2015. The data for the qPCR assays in Figure 1 were 

abstracted from Brand et al. (2019). The analyses used samples that were biological 

replicates although processed starting with different disruption instruments.

3.0 Identification of 16S rRNA from shotgun metagenomic sequences.

DNA was sequenced by GENEWIZ (South Plainfield, NJ) using the Illumina HiSeq X Ten 

platform to produce 2 × 150 base paired-end reads. All reads were quality-trimmed using the 

CLC Genomics Workbench v8.0.3 (CLCBio, Qiagen) with default conditions, and removing 

adapters. Reads were also merged using this same program. All quality-trimmed reads were 

exported in fasta format and processed employing the SSUsearch pipeline (Guo et al., 2016) 

through the alignment and identification of 16S rDNA reads mapping to the V4 region. 

Individual sample files were then concatenated and imported into QIIME (Caporaso et al., 

2010) for open reference OTU picking (Rideout et al., 2014) against the MiDAS database v. 

2.1.3 (McIlroy et al., 2017, 2015b). Reads were clustered at 97% similarity using the 

SUMACLUST (Kopylova et al., 2016) and sortmerna (Kopylova et al., 2012) option for 

pick_open_reference_otu.py.

3.1 Microbial Community Visualization.

OTU tables were imported into the R environment (v. 3.4.4) in the R studio IDE (http://

www.rstudio.com) using the ampvis2 package (Andersen et al., 2018) to produce heatmap 

visualizations of the microbial community.

To construct Table 1, from the total (Table S3, Supplementary material), bacteria such as 

Propioniciclava and Fodinibacter for which there are no genome sequences in RefSeq (and, 

therefore, for which no molecular probes could be designed) were excluded. Entities such as 

“Novel OTU1” and “GKS98 freshwater group” which also have no corresponding genome 

sequences in RefSeq were also excluded. Lastly, bacteria such as Tetrasphaera and 

Mycobacterium that have RefSeq genome sequences but were not represented by probes in 

our ensemble were also excluded. Probes for these bacteria can be added to the ensemble at 

any time.
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3. Results

3.1 Validation of Molecular Probes as a Monitoring Tool for Bacteria in Activated Sludge.

Employing molecular probe technology, the relative concentration of Competibacteraceae 
clade CPB_P15 was interrogated as a function of time. These results were compared to the 

results obtained with qPCR (Brand et al., 2019). Twenty-two monthly samples of Mixed-

Liquor Suspended Solids from the secondary system were investigated. Seventeen of these 

samples were biological replicates taken on the sampling dates for qPCR (Brand et al., 

2019). The Competibacteraceae-positive ensemble detected the CPB_P15 genome at all 22 

time points, consistent with the qPCR results (Figure 1). Both sets of results show that the 

signal for CPB_P15 was reasonably constant over the first 10 months of 2014. In the last 

quarter of 2014, the signal began to drop and reached its lowest value in January 2015, 

before increasing again. Comparing the trends observed in the molecular probes analysis to 

those obtained by qPCR across the 17 samples yielded a Pearson-correlation coefficient of 

0.826 (p < 0.001) and a Spearman rank correlation coefficient of 0.914 (p < 0.001), 

indicating a high consistency between the two methods.

3.2 Overview of Shifts in Activated Sludge Community Structure over Time.

The molecular probe ensembles contained probes for 352 microorganisms in addition to 

probes for the two Competibacteraceae clades plus probes for ten common E. coli toxin 

genes. These probes targeted bacterial and Archaeal species previously associated with 

wastewater treatment and for which genome sequences were available in RefSeq (https://

www.ncbi.nlm.nih.gov/genome/browse/#!/overview/). (A full list of microorganisms and 

probes is given in Table S1, Supplementary material).

Principal Component Analysis (PCA) was performed to achieve an overview of the time-

course profile of the microbiome and to identify samples that deviate from the rest (Venables 

and Ripley, 2002). For the Competibacteraceae-positive ensemble, seven samples from 

January, 2015, to July, 2015, were significantly different from the other samples by the first 

two principal components (Figure 2a).

A molecular probe ensemble that did not contain Competibacteraceae probes (the 

“Competibacteraceae-negative ensemble”) was also employed. Importantly, this 

customization enabled detection of additional groups with signals masked by the dominant 

group (Xu et al., 2014). In contrast to the results with the Competibacteraceae-positive 

ensemble, only two samples (December, 2013, and August, 2015) were detected to be 

different from the rest by the first two principal components (Figure 2b). These results 

suggest that the presence of Competibacteraceae could mask the detection of less abundant 

outlier samples.

3.3 Comparison of Microorganisms Detected in the Activated Sludge.

To identify entities in the activated sludge, a statistical method that determines whether a 

given probe attracts more than the average number of sequencing reads by random sampling 

was employed (Materials and Methods). Employing this statistical method, microbial and 

toxin genes were identified in the wastewater microbiome for all samples. For comparison 
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purposes across multiple samples, it is important to note that the total number of sequencing 

reads was reasonably constant across all time points (Figure S2, Supplementary material). 

Combining the data from all 22 time points, the Competibacteraceae-positive ensemble 

detected the two Competibacteraceae clades at every time point plus eight additional 

microbial species scattered over several time points. No toxin genes were detected (Figure 

3a). For the Competibacteraceae-negative ensemble, a total of 29 microorganisms and three 

toxin genes were detected, but not Competibacteraceae (Figure 3b). Seven microbial species 

were detected in both probe ensembles: Akkermansia muciniphila, Bifidobacterium 
adolescentis, B. longum, Lactobacillus delbrueckii, Methanobrevibacter smithii, 
Streptococcus salivarius, and Sebaldella termitidis. In all cases, the Competibacteraceae-
negative ensemble detected these species at more time points.

3.4 Pathogen-associated probe detection.

Pathogenic organisms were detected with the Competibacteraceae-negative probe ensemble. 

Enterococcus faecium and Klebsiella pneumoniae were found in nine and two samples, 

respectively. Three E. coli toxin genes for different types of E. coli infection (IPAH, STP, 

and STH) were found in six, three, and two samples, respectively. The relative 

concentrations of these toxin genes changed over time. Interestingly, the peak signals of the 

three toxin genes occurred on the same date: December 10, 2013. The date with the second 

most probes detected for these target genes occurred in August 2015. These two dates co-

occur with the outlier samples in the PCA analysis (Figure 2b). When the probes for the 

three E. coli toxin genes are not included in the PCA analysis, there are no outliers. This 

observation suggests that the toxin genes are the major difference between those outlier 

samples and the rest.

3.5 Abundance of Species Detected.

It was possible that molecular probe technology detected microorganisms that were present 

at very low abundance. Therefore, an independent method was employed to detect these 

microorganisms. Shotgun metagenomic sequence data had been obtained for three sampling 

dates (Brand et al., 2019). These data were employed previously for Competibacter genome 

assembly (Brand et al., 2019). Herein, the data were employed for a community analysis of 

the 16S rRNA genes. (The data are publicly available under BioProject PRJNA509633.) 

Combining the data from the three time-points, 757,999,396 (100%) shotgun sequence reads 

were collected. Sequence reads corresponding to 16S rRNA genes were extracted using the 

SSUsearch pipeline (Guo et al., 2016). 527,410 reads (0.07%) were identified as belonging 

to the 16S RNA gene. Selecting sequence reads representing the V4 region yielded 26,771 

sequence reads (5.1% of the 16S RNA gene sequence reads or 0.0035% of the total starting 

sequence reads). Rarefaction curves for these samples suggested that the full diversity of 

16S rRNA genes present in the activated sludge was not achieved by this method (Figure 4).

For microbial community analysis, the samples were grouped into operational taxonomic 

units (OTUs) based on an open reference approach and clustered at 97% identity (Rideout et 

al., 2014). All OTUs were then classified using two taxonomy reference sets: Greengenes 

2012 (DeSantis et al., 2006, McDonald et al., 2012) (Table S2, Supplementary material) and 

MiDAS v. 2.1.3 (Table S3, Supplementary material). The 32 total microbial species detected 
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using molecular probes spanned 24 genera. Of these, 19 genera were identified in the three 

metagenomic samples based on classification with the MiDAS database and 16 based on 

classification with the Greengenes database.

An edited version (Materials and Methods) of the bacteria identified through the MiDAS 

database are presented in Table 1. Of the 21 bacteria listed in Table 1, 21 were identified by 

the molecular probe ensemble (Figure 3). Five genera of bacteria were identified by the 

probe ensemble (Figure 3) that were not detected within the V4 sequences of 16S rRNA 

(Table S3, Supplementary material): Alistipes, Eggerthella, Klebsiella, Ochrobactrum, and 

Parabacteroides. Relevant to those bacteria not found by metagenomic sequencing, the 

rarefaction curves (Figure 4) predict the presence of additional OTUs. These five bacterial 

genera may be assumed to be present at a concentration too low to be found by the number 

of metagenomic shotgun sequence reads. In addition, it should be noted that, whereas the 

sequences of the V4 region of 16S rDNAs identified the genus Streptococcus, the molecular 

probe ensemble identified Streptococcus salivarius and was able to distinguish eight species 

within the genus of Streptococcus (Table S1, Supplementary material).

4. Discussion

4.1 Bacteria in activated sludge.

Of the seven microorganisms detected by both molecular probe ensembles, six are 

commensal organisms that have been found on or within the human body (Collado et al., 

2007, Eckburg et al., 2005, Elli et al., 2006, Hugon et al., 2015, Kaci et al., 2014, Turroni et 

al., 2009) and may reflect immigrants from the raw wastewater. Several of these species may 

persist within the anaerobic digester, where they could play a role in methanogenesis either 

directly (e.g., M. smithii) or indirectly through fermentation (e.g., B. adolescentis, B. 
longum, L. delbrueckii). The seventh microorganism, S. termitidis, an inhabitant of insect 

guts, may also persist within an anaerobic digester (Harmon-Smith et al., 2010). Bacteria 

detected by the Competibacteraceae-negative probe ensemble included microorganisms that 

have previously been detected in activated sludge: Dechloromonas aromatica (McIlroy et al., 

2016, Terashima et al., 2016), Runella slithyformis (Copeland et al., 2012), and Alicycliphus 
denitrificans (Mechichi et al., 2003).

Combining the data from the two molecular probe ensembles, 32 bacterial species were 

identified. Since the molecular probe ensemble contained probes for 354 microorganisms, 

that means that 322 microorganisms were not found. During an investigation of 

microorganisms in a given environment, it is sometimes as important to determine what is 

not there as to determine what is there.

4.2 Minimum Detection Limit.

To estimate the minimum detection limit, the relative abundance of the genera that the V4 

sequences identified at three time points were examined. The majority of the 

microorganisms were present at <0.1% sequence read abundance (Table S3, Supplementary 

material). Bacterial genera down to 0.02% (e.g., Aquimonas on 7-21-15) and 0.01% (e.g., 

“unassigned novel OTU” on 7-21-15) were identified. Adjusting 16S rRNA relative 
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abundance for copy number using CopyRighter (Angly et al., 2014) did not substantially 

change these abundances (Table 1). Akkermansia was identified by both V4 sequence and 

molecular probes. At the three time points, the relative abundances of Akkermansia 
determined by V4 sequence were 0.00, 0.01, and 0.03. Analogously, Sebaldella was 

identified by both V4 sequence and molecular probes. At the three time points, the relative 

abundances of Sebaldella determined by V4 sequence were 0.00, 0.01, and 0.03. Since 

molecular probe technology identified bacteria that the V4 sequence data did not, it may be 

assumed that the minimum detection limit of the molecular probes in these experiments was 

less than 0.01.

4.3 Database Considerations.

There are several public databases that connect genome sequence to bacterial genus. Thus, 

there is an issue of which database to use. In this work, the MiDAS database (McIlroy et al., 

2017, 2015b) was employed to identify 16S rRNA sequences, because MiDAS has been 

curated to include genera previously detected in activated sludge and anaerobic digester 

samples. A comparison of the microorganisms identified by the popular Greengenes 2012 

database (DeSantis et al., 2006, McDonald et al., 2012) and the MiDAS database (McIlroy et 

al., 2017, 2015b) yielded more genera detected using the MiDAS database. Genera that were 

not detected in the Greengenes database may be classified in other genera. As one example, 

until 2014, Competibacteraceae were considered unclassified Gammaproteobacteria. In the 

Greengenes 2012 taxonomy, Competibacteraceae were classified in the Sinobacteraceae 
family. The Greengenes 2012 database was employed to adjust 16S rRNA sequence 

abundance for copy number variation. However, a recent study suggests that such adjustment 

should be reconsidered (Louca et al., 2018).

Even with MiDAS, while the short reads of the V4 region of the 16S rRNA gene can be used 

to identify OTUs at the genus level, species-level identification is not possible with any 

certainty. Since multiple molecular probes are used per genome, species identification can 

often be achieved reliably.

4.4 Advantages and Disadvantages of Molecular Probe Technology.

As employed in this work, molecular probe technology started with microbial genome 

sequences. Therefore, truly novel microorganisms could not be detected. Additionally, some 

genome sequence was required to design the probes. However, as shown with the 

Competibacter probes, a complete and finished genome sequence is not required. In recent 

years, the cost of DNA sequencing has plummeted. The algorithms for assembling 

individual sequence reads into contigs are robust, especially for bacterial DNAs, where there 

is only a little repeated sequence. New DNA sequence can be straightforwardly achieved 

when needed. When sufficient genome sequence becomes available, molecular probes can 

be designed, synthesized, and added to an existing probe ensemble. The principal 

advantages of molecular probe technology are that hundreds of microorganisms (and genes) 

can be interrogated in one tube. Growth of microorganisms is not required. Molecular probe 

ensembles can be customized. For example, in environments where one or a few bacteria 

dominate, and where it is time-consuming and expensive to identify other bacteria present at 

lower concentrations, molecular probe technology works well. As seen in the comparison of 
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the results achieved with the two probe ensembles (Figure 3), omission of probes for any 

dominant microbial species enables increased detection of microorganisms present at lower 

concentrations.

From a starting point of 192 molecular probes interrogating 40 bacteria (Hyman et al., 2010) 

to 1,204 probes interrogating 61 bacteria (Xu et al., 2014), this current work expands the 

technology to 3,356 probes interrogating 355 bacteria.

Conclusions.

Thirty-two microorganisms (and three toxin genes) were identified in activated sludge by 

employing molecular probe technology. The relative concentrations of these entities, which 

were followed for two years, changed over time. In particular, the CPB_P15 

Competibacteraceae clade, which appeared to be the major bacterium in the activated 

sludge, fell in concentration for several months before recovering. Each time point required 

only one reaction to interrogate hundreds of species of bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Thirty-two bacterial species identified in activated sludge

• Changes in the relative concentration of these bacteria measured as a function 

of time

• Interrogate hundreds of bacteria in one measurement
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Figure 1. Comparison of tracking the Competibacteraceae CPB_P15 clade using molecular 
probes and qPCR.
The data for 17 samples in both assays is plotted. For the molecular probes assay, points 

represent the mean intensities (counts per million) of all probes ± standard error. Counts 

were standardized and transformed with a log-2 transformation. For the qPCR assay, 

biological replicates were processed as described (Brand et al., 2019), but normalized to ml 

sludge and transformed with a log-2 transformation.
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Figure 2. Principal component analysis (PCA) of bacterial signals.
For both ensembles, there are data for 22 time points. (a) The Competibacter-positive probe 

ensemble. The 95% confidence intervals of the first and second principal components are 

marked by the gray box. The samples from January to July of 2015 fall outside the box. (b) 

The Competibacter-negative probe ensemble. The 95% confidence intervals of the first and 

second principal components are marked by the gray box. Two samples fall just outside the 

gray box. These fall within the box when the data for the toxin genes are not included in the 

analysis.

Xu et al. Page 17

Water Res. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Heatmap of bacterial signal for those bacteria detected more than once over the time course. 

For each bacterium, the probe-level signal was normalized and log2-transformed (counts per 

million), then averaged to represent the bacterium signal as indicated by the color gradient 

within the heatmaps: red, high signal; yellow, middle signal; blue, low signal. Each row 

shows the time course of one bacterium, with the strength of the signal represented by 

different colors. 4a, Competibacter -positive probe ensemble; 4b, Competibacter -negative 

probe ensemble)
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Figure 4. Rarefaction curves.
Rarefaction curves were obtained in the ampvis2 R package (Andersen et al., 2018) for the 

V4 region of 16S rRNA fragments obtained from shotgun metagenomic sequences using the 

SSUsearch workflow (Guo et al., 2016).
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Table 1.

Relative Abundance of Genera Detected by Molecular Probes in Shotgun Sequencing Samples

Taxonomic Identification* Relative Abundance

Phylum Genus 3/25/14 7/21/15 10/27/15

Proteobacteria CPB_P15 45.72 0.60 0.42

Proteobacteria CPB_C95** 0.63 9.18 2.74

Firmicutes Streptococcus 1.21 0.84 0.43

Proteobacteria Comamonas 0.15 1.41 0.69

Actinobacteria Bifidobacterium 0.92 0.22 0.17

Proteobacteria Dechloromonas 0.00 0.04 0.93

Bacteroidetes Runella 0.12 0.33 0.43

Firmicutes Clostridium sensu stricto 1 0.08 0.07 0.07

Euryarchaeota Methanobrevibacter 0.14 0.02 0.01

Proteobacteria Alicycliphilus 0.01 0.09 0.05

Firmicutes Lactobacillus 0.10 0.02 0.03

Synergistetes Anaerobaculum 0.00 0.03 0.09

Proteobacteria Enterobacter 0.00 0.05 0.07

Actinobacteria Nakamurella 0.04 0.02 0.00

Firmicutes Eubacterium 0.01 0.04 0.00

Firmicutes Enterococcus 0.03 0.01 0.00

Verrucomicrobia Akkermansia 0.01 0.03 0.00

Fusobacteria Sebaldella 0.00 0.02 0.01

Bacteroidetes Bacteroides 0.00 0.00 0.03

Firmicutes Leuconostoc 0.01 0.00 0.01

Proteobacteria Tolumonas 0.00 0.02 0.00

*
Identification with MiDAS Database

**
Manually annotated. Identified as Candidatus Contendobacter. However, BLAST of representative sequence suggests a closer match to 

CPB_C95, which is not present in the database.
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