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ABSTRACT Multiple clades within a microbial taxon often coexist within natural
and engineered environments. Because closely related clades have similar metabolic
potential, it is unclear how diversity is sustained and what factors drive niche differ-
entiation. In this study, we retrieved three near-complete Competibacter lineage ge-
nomes from activated sludge metagenomes at a full-scale pure oxygen activated
sludge wastewater treatment plant. The three genomes represent unique taxa
within the Competibacteraceae. A comparison of the genomes revealed differences
in capacity for exopolysaccharide (EPS) biosynthesis, glucose fermentation to lactate,
and motility. Using quantitative PCR (qPCR), we monitored these clades over a
2-year period. The clade possessing genes for motility and lacking genes for EPS bio-
synthesis (CPB_P15) was dominant during periods of suspended solids in the efflu-
ent. Further analysis of operational parameters indicate that the dominance of the
CPB_P15 clade is associated with low-return activated sludge recycle rates and low
wasting rates, conditions that maintain relatively high levels of biomass within the
system.

IMPORTANCE Members of the Competibacter lineage are relevant in biotechnology
as glycogen-accumulating organisms (GAOs). Here, we document the presence of
three Competibacteraceae clades in a full-scale activated sludge wastewater treat-
ment plant and their linkage to specific operational conditions. We find evidence for
niche differentiation among the three clades with temporal variability in clade domi-
nance that correlates with operational changes at the treatment plant. Specifically,
we observe episodic dominance of a likely motile clade during periods of elevated
effluent turbidity, as well as episodic dominance of closely related nonmotile clades
that likely enhance floc formation during periods of low effluent turbidity.

KEYWORDS activated sludge, Competibacteraceae, niche differentiation, wastewater
treatment, metagenome, qPCR

ctivated sludge is the largest application of biotechnology in the world (1). It has

achieved this status because under normal operating conditions, it is a robust and
flexible method of treating wastewater that can reliably meet effluent regulatory
standards. Organic and nitrogenous contaminants are removed from water by estab-
lishing aerobic and anoxic regimes within bioreactors that are favorable for the growth
of microbial communities that consume waste organic matter and remove nutrients (2).
The resulting biomass is settled in clarifiers and recirculated to enable high volumetric
rates of contaminant removal. An important operational variable is the biomass wasting
rate, which sets a minimum growth rate needed for a species to remain within the
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FIG 1 Schematic of wastewater treatment plant in this study with operational parameters used in
statistical analysis. Note that secondary treatment consists of a four-stage process, where the first stage
is unaerated and thus operates anaerobically; the remaining three stages are aerated with pure oxygen
as an input. TSS, total suspended solids (in milligrams per liter); MLVSS, mixed liquor volatile suspended
solids (in milligrams VSS per liter); SRT, solids retention time (in days); Q.fuent = Qinfluent — Quaste

system, providing some control over microbial community structure and function. An
additional operational control is the ability to change the rates at which settled biomass
is recirculated back to the bioreactors. Both contaminant degradation and efficient
settling of biomass are needed for consistent and effective process performance.

The Competibacteraceae family is a group of gammaproteobacteria that are favored
under conditions of alternating feast and famine (3). Within this family, the Com-
petibacter lineage is a diverse collection of uncultivated organisms which function as
glycogen-accumulating organisms (GAOs) that cycle the intracellular storage polymers
polyhydroxyalkanoate (PHA) and glycogen under anaerobic-aerobic conditions. This
metabolism differs from that of polyphosphate-accumulating organisms (PAOs), which
accumulate polyphosphate under aerobic conditions and release it under anaerobic
conditions. In fact, GAOs are often viewed as competitors to PAOs in enhanced
biological phosphorus removal systems in that they consume carbon substrate without
accumulation of phosphorus (3).

To date, 13 clades in the Competibacter lineage have been identified (4). They have
been found in lab- and full-scale activated sludge plants, as well as in soil and sediment
samples (4). Several clades are observed to coexist within a plant, although the
temporal dynamics of each clade may vary substantially (5, 6). Due to the lack of
cultured representatives, little is known about factors leading to niche partitioning or
temporal dynamics within Competibacter clades. However, recent advances in meta-
genomic binning and recovery of genomes may enable an assessment of metabolic
potential even in the absence of cultivation. The genomes for two members of this
lineage, “Candidatus Competibacter denitrificans” and “Candidatus Contendobacter
odensis,” obtained from lab-scale reactors in Denmark show significant differences in
metabolic potential (7), and entries of additional genomes extracted from meta-
genomes in public databases will no doubt further expand our understanding of the
metabolic diversity of these organisms.

Here, we document the presence of three Competibacteraceae clades at a local
wastewater treatment plant in northern California and report on the recovery of three
genomes for these organisms. This plant operates a four-stage pure-oxygen activated
sludge system, with the first stage acting as an anaerobic selector (Fig. 1). We highlight
genetic differences related to floc formation and dispersal and quantitatively monitored
these groups over a 2-year time period from January 2014 to December 2015. A
correlation with operational parameters suggests that one of these clades may con-
tribute to floc dispersal under conditions of high solids loading in the clarifier. Overall,
our results are consistent with previous studies of ecological interactions and possible
niche partitioning between Competibacteraceae clades in surveys of full-scale activated
sludge plants in Denmark (4-6).
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RESULTS

Identification of Competibacteraceae phylotypes in secondary treatment. In
conducting routine microscopic monitoring of activated sludge, the treatment plant
staff observed fluctuations in the abundance of a visually distinct microbe, a nonfila-
mentous large coccoid cell (3 to 5 um) present both as part of the floc and as dispersed
cells (D. Jenkins, personal communication). Because this cell type occasionally appeared
to constitute >50% of the floc by microscopy, we investigated its identity. A 16S rRNA
clone library was constructed from a sample taken on 19 September 2013. Partial 16S
rRNA sequences were recovered and found to consist of Proteobacteria (Fig. 2A). Over
25% of the sequences recovered were from the gammaproteobacterial family Com-
petibacteraceae, a group that contains cells with a large coccoid morphology previously
detected in lab-scale and full-scale activated sludge systems (4, 9). Y. Yang, a researcher
at the plant, confirmed the presence of this group using fluorescence in situ hybrid-
ization (unpublished data, personal communication).

Further examination of the 22 recovered Competibacteraceae sequences revealed
the coexistence of three Competibacteraceae clades. The recovered sequences were less
than 97% similar, indicating the presence of three distinct species. The addition of these
species to the phylogenetic tree proposed by Mcllroy et al. (4) indicated that these
lineages can be classified as CPB_P15, CPB_M38, and a novel clade within the Com-
petibacter lineage for which we propose the name CPB_C95 (Fig. 2B). Attempts to
cultivate these organisms were unsuccessful. Accordingly, we pursued genome recov-
ery and quantitative monitoring of these three groups.

Genome recovery from the metagenome. Using the differential coverage ap-
proach (10), we recovered three Competibacter lineage genomes from four meta-
genome samples from 2013 to 2015. From two early samples from 25 March 2014 and
19 September 2013, we obtained genome CA14.1. Although two other putative Com-
petibacter lineage bins were observed in the coassembly of these samples (see Fig. STA
in the supplemental material), the low coverage of these groups and the dominance of
a closely related species resulted in low-quality draft genomes. Reads mapping to these
groups were instead binned in CA23.1 and CA23.3 using the coassembly of samples
from 21 July and 27 October 2015 (Fig. S1B). The statistics for the three genomes are
given in Table 1. These genomes are >93% complete and contain <5% contamination,
as determined by CheckM (11). Average nucleotide identity (ANI) values for pairwise
genome comparisons between these three genomes ranged from 76.2 to 77.6% (Table
S1 and Fig. S2), which is well below the suggested 95% cutoff value for species
delineation (12). Pairwise comparison to all publicly available Competibacteraceae
genomes in GenBank also suggested that these genomes are unique species from what
has previously been published, with the highest ANI values (77.2% to 79.4%) to the
genome of “Candidatus Competibacter” sp. strain UBA3908 (Table 2), which was
recovered from a Danish anaerobic digester metagenome sequencing project (13)
(BioProject number PRJEB10932).

Phylogenetic analysis of the Competibacteraceae genomes. To assign species
taxonomically, we searched for the 16S rRNA gene in genome bins. Only bin CA14.1
contained a full-length 16S rRNA gene sequence. This was associated with the CPB_P15
clade identified with the clone library. A partial 16S rRNA gene was recovered from bin
CA23.2 that aligned with the CPB_M38 sequences. Only the CA23.1 bin lacked an
associated 16S rRNA gene. However, examination of operational taxonomic unit (OTU)
tables constructed from 16S rRNA genes from the metagenome suggested three
Competibacteraceae groups within these samples (our unpublished data). Based on the
coverage of CA23.1 in the various samples, we suspect that this bin represents the
CPB_C95 clade.

We also examined a phylogenomic tree of concatenated protein sequences to
examine where the three California genomes fit in the Competibacteraceae family.
According to the Genome Taxonomy Database, there are now 20 genomes for this
family (14), of which 15 were available on NCBI. Many of these do not contain 16S rRNA
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FIG 2 16S rRNA clone library results. (A) Phylum-level (or class-level for Proteobacteria) distribution of 84 clones from a sample
collected on 19 September 2013. Inset, family-level identification of gammaproteobacteria. (B) Phylogenetic tree of 22 Competibac-
teraceae sequences. Sequences in bold and listed as “CaBA” are from this study (California Bay Area). White circles at nodes, =50%
bootstrap support; gray circles, =70% bootstrap support; black circles, =90% bootstrap support. Clades for the sequences in this study
are labeled on the right. Accession numbers are listed for each sequence.

genes. Using either the 120 bacterial marker set from Parks et al. (13) (Fig. 3) or a set
of 56 core proteins found in all 18 Competibacter lineage genomes (data not shown),
we found that all three genomes are unique and distinctive. The placement of the
genomes as closely related groups distinctive from other clades is consistent with the
16S rRNA tree placement of the CPB_P15, CPB_M38, and CPB_C95 groups (Fig. 2B).
Major metabolic pathways in the California genomes. Mcllroy et al. previously
described the metabolism of the Competibacter lineage based on the genomes of “Ca.
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TABLE 1 Genome statistics for the Competibacteraceae genomes

Applied and Environmental Microbiology

Characteristic?

Statistic for genome:

CPB_P15 CA14.1

CPB_M38 CA23.2

CA23.1

Genome size (Mbp)

No. of contigs

Contig Nsq (bp)

Maximum contig size (bp)
Completeness (%)
Contamination (%)

GC content (%)

No. of CDSs
Protein-coding density (%)

Metagenome coverage by sample date

19-09-2013
25-03-2014
21-07-2015
27-10-2015

3.51

30
259,679
865,998
96.7

3.2

58.0
3,158
90.5

260
3,550
60

20

3.67
143
44,707
216,802
97.2

3.7

61.5
3,307
90.2

60
7
510
460

34
278
25,257
86,896
93.6
3.8
62.3
3,108
90.8

20
40
580
100

aCompleteness and contamination were estimated using CheckM (11). CDSs, coding sequences.

Competibacter denitrificans” and “Ca. Contendobacter odensis” (7) and documented
the capacity for glycogen and PHA accumulation. We examined whether the California
genomes contained pathways similar to those identified in the Danish genomes. Not
surprisingly, the major metabolic pathways were largely identical, in that genes for
glycogen synthesis and PHA synthesis were present in all three genomes, as were genes
for the Embden-Meyerhoff-Parnassus glycolysis pathway and the nonoxidative branch
of the pentose phosphate pathway (Table 2). Genes were also present for the tricar-
boxylic acid (TCA) cycle and glyoxylate bypass, although one block for each of these
pathways was missing in the CA23.1 bin. We note that this genome is the least

TABLE 2 Overview of annotated pathways in Competibacteraceae genomes

CPB_P15 CPB_M38 “Candidatus Competibacter “Candidatus Contendobacter

Pathway? CA14.1 CA23.2 CA23.1 denitrificans”® odensis”®
Carbohydrate metabolism

TCA cycle + + ince + +

Glyoxylate bypass + + inc + +

Pentose phosphate (nonoxidative) + + + + +

Glycolysis EMP pathway + + + + +

Glycolysis ED pathway - - - + -

Fermentation (glucose to lactate) — + + + —
Storage compounds

Glycogen synthesis + + + + +

Trehalose synthesis + + - - +

PHA synthesis + + + + +

TAG synthesis - - - - +
Nitrogen metabolism

Nitrogen fixation + + + - +

Nitrate reduction to nitrite + + + + +

Nitrite reduction (respiratory) — — — + —

Nitrate reduction to ammonia (dissimilatory)  + + inc inc +
Motility and dispersion

Flagellar motility + — - + +

Flagellum + - - + +

EPS cluster — - + inc inc
Other genes of interest

NiFe-hydrogenase + - - + +

9EMP, Embden-Meyerhoff-Parnassus; ED,Entner-Doudoroff; TAG, triacylglycerol.

bGenomes from Mcllroy et al. (7).

<inc, pathway is incomplete.
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FIG 3 Phylogenomic tree of Competibacteraceae family using the bac120 (13) single-copy genes.
Protein-coding sequences were extracted and concatenated in Anvi'o version 4 (56) and were masked
with default parameters in Gblocks (58). The tree was made with PhyML (33) using the Le and Gascuel
substitution matrix (59), with 100 bootstraps. The genome for Halothiobacillus neapolitanus strain c2 was
used as outgroup. White circles at nodes represent =50% bootstrap support; black circles, =90%
bootstrap support. Assembly numbers are provided on the right.

complete of the three (Table 1), and these may be among the genes that are missing
from the assembly.

In examining the major metabolic pathways, the California genomes appeared to
share more pathways in common with “Ca. Contendobacter odensis” than with “Ca.
Competibacter denitrificans.” All three California genomes have a complete set of
nitrogen fixation genes, but none have the genes required for denitrification from
nitrite to nitrogen. The recovered genomes also lack genes for the Entner-Doudoroff
pathway for glycolysis.

Genetic differences among the three clades. Because the three clades occupy a
similar niche, we were interested in genetic differences that could enable functional
differentiation. The CPB_P15, CPB_M38, and CA23.1 genomes contained 875, 1,030, and
1,017 unique genes relative to the two other genomes, respectively. Two of the three
genomes, CPB_M38 and CA23.1, possess the ability to ferment glucose to lactate under
anaerobic conditions, a capability shared with the two Danish genomes. CPB_P15
lacked this ability but contains a NiFe-hydrogenase previously annotated in the Danish
genomes (7). This hydrogenase is missing in the other two California genomes.

In addition to metabolic properties, properties related to floc formation and settling
are also critical for wastewater treatment and could enable niche differentiation among
related species in activated sludge systems. In this context, a gene cluster for exopo-
lysaccharide (EPS) genes has recently been identified for the floc-forming organisms
Zoogloea resiniphila strain MMB (15) and Aquincola tertiaricarbonis strain RN12 (16).
This cluster is present in several gammaproteobacteria, and we detected a cluster of
orthologous genes in the CA23.1 bin that was unique to this genome (Table 2). “Ca.
Contendobacter odensis” contained a similar cluster of genes, although it is unclear if
the genes are colocalized. The full set of related proteins appears to be part of multiple
contigs. “Ca. Competibacter denitrificans” contained two partial clusters of genes. The
presence of these groups as minor members of activated sludge may be important for
the maintenance of desirable flocculation and settling properties.

Further inspection of the genomes revealed that the CPB_P15 genome contained a
cluster of taxis-related genes not present in either the CPB_M38 or CA23.1 genome,
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TABLE 3 Parameters for Competibacteraceae qPCR assay

Linear
Amplicon w Efficiency
Assay? Standard Primer® Sequence (5'—3') size (bp) R2 m b (%)
CPB_ P15 CaBA clone C25 C25_f1 GTAGGAATTGGCCCACGAGT 109 0.99 -3.07 35.00 112
C25_r1 CTTGTCCACCAGCGCGA
C25C95_TagMan ATGCGGTATTAGCCTGGGTTTCCC
CPB_M38 CaBA clone C21 C21_f1 TAGGAATCTGCCCTGCAGA 116 0.99 —3.42 38.47 96
c21_r1 GACGTAGGCTCCTCCCA
C21_TagMan CTCTCTCGAGCGCATGCGGTATT
CPB_C95 CaBA clone C95 C95_f1 CGTAGGAATCTGCCTCGTAGT 118 0.99 —3.35 37.68 99
C95_r1 GACGTAGGCTCATCTCATAGC

C2595_TagMan ATGCGGTATTAGCCTGGGTTTCCC

aAssay targets a subgroup of these clades found at the northern California wastewater treatment plant.
bTagMan probe labeled at 5" end with 56-FAM, 3’ end with 3IABKFQ, and after position 9 with ZEN.
“Values of linear regression for standard curve are given as slope (m) and y-intercept (b).

encoding the assembly and regulation of flagella. Although CPB_M38 and CA23.1 also
included some taxis-related genes, including methyl-accepting chemotaxis proteins
and the chemotaxis protein CheY, genes for flagellar motility were notably absent.
Flagellar motility is not unique to the CPB_P15 genome in the Competibacteraceae
family, as genes were present in both the “Ca. Competibacter denitrificans” and “Ca.
Contendobacter odensis” genomes (7). Isolates in the Plasticicumulans genus (a second
lineage of the Competibacteraceae family) also have flagella (17, 18).

Development of a quantitative assay for Competibacteraceae clades. To assess
how genetic differences among the three Competibacteraceae clades might influence
process performance in the activated sludge plant, we developed a monitoring assay
for each of the three clades. Primers were developed based on the 22 near-full-length
16S rRNA sequences of Competibacteraceae within the plant for TagMan quantitative
PCR (gPCR) assays targeting each of the three clades (Table 3). An in-house script
identified regions of both high and low similarity for these three groups. Primer sets
were validated with plasmid DNA containing the 16S rRNA gene sequence using known
concentrations. Standard curves produced a linear response from 10" to 107 copies for
each of the three clades (Fig. S3), with nontarget Competibacteraceae sequences
producing 100-fold lower sequence detection at high concentrations.

Comparison of these probes to other clades not found at this plant indicated that
although some of the primers may hybridize multiple groups, the combination of
primers is specific for a subgroup within CPB_P15, CPB_M38, and CPB_C95.

Temporal dynamics of Competibacteraceae. To gain insight into the temporal
dynamics of Competibacteraceae populations, we used qPCR to analyze shifts in the
abundances of the three clades over a 2-year study period. The results were normalized
to milligrams of volatile suspended solids (VSS) and are shown in Fig. 4. Consistent with
microscopy results, Competibacteraceae were detected in all samples. Concentrations
ranged from 10° to 10° copies of 16S rRNA/mg VSS for the total population and from
102 to 10° copies of 16S rRNA/mg VSS for individual clades. Each clade demonstrated
remarkably different dynamics, as follows: the CPB_P15 clade was abundant during
most of 2014 but decreased significantly in abundance in the last quarter of that year;
subsequently, the other two clades became more prominent; and the CPB_C95 clade
varied the least across the 2-year time period (Fig. 4).

Linkage between plant monitoring data and Competibacteraceae community com-
position. The only correlation previously detected by other researchers between Com-
petibacteraceae and operational parameters was a linkage to wastewater containing indus-
trial streams (5). This analysis was based on fluorescence in situ hybridization with a
general Competibacter lineage probe and was thus unable to identify correlations to
individual clades. To determine whether process performance impacts could be attrib-
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FIG 4 Quantitative PCR results for three Competibacteraceae clades present in the northern California wastewater treatment
plant.

utable to genetic differences among the Competibacteraceae, we correlated Com-
petibacteraceae clade abundance with measured plant operational conditions and
environmental parameters across a 2-year study period (see Table S2 for a summary of
parameters). Using the Spearman rank correlation coefficient across specific clades and
operating parameters, we found that the concentration of the CPB_P15 clade was
positively correlated with increased total suspended solids (TSS) and VSS in the
secondary system, including TSS in the secondary effluent, but had a slight negative
correlation with effluent pH and recycle ratio (Table 4). Influent flow, influent carbo-
naceous biochemical oxygen demand (cBOD), and solids retention time (SRT) had no
significant correlation for CPB_P15. In contrast, the CPB_M38 clade was negatively
correlated with the CPB_P15 clade, suggesting a possible competitive interaction. The
CPB_M38 clade was negatively correlated with SRT and influent flow, and, in agreement
with its negative correlation with CPB_P15, was also negatively correlated to TSS and
VSS in the mixed liquor and to TSS in the return sludge, but was positively correlated

TABLE 4 Spearman'’s rank correlation coefficient between Competibacteraceae clade
abundance and environmental variables

Spearman’s rank correlation coefficient

Variable CPB_P15 CPB_M38 CPB_C95
Primary TSS 0.2244 —0.123 0.116
Secondary TSS 0.534¢ —0.252¢ 0.044
Mixed liquor TSS 0.443¢ —0.374¢ 0.029
Return activated sludge TSS 0.504¢ —0.378¢ 0.022
Effluent TSS 0.510¢ —0.216 0.102
Flow —0.012 —0.384¢ —0.318°
Recycle rate —0.2459 0.111 0.005
SRT —0.017 —0.314% —0.164
MLVSS 0.508¢ —0.323¢ 0.036
Effluent pH —0.234¢ 0.306° —0.013
Influent cBOD 0.089 0.154 0.118
Effluent cBOD 0.323% —0.107 0.084
Large coccoid cells 0.650¢ —0.220 0.405¢
CPB_P15 1 —0.402¢ 0.162
CPB_M38 —0.402¢ 1 0.516¢
CPB_C95 0.162 0.516¢ 1

aFor the Spearman rank correlation coefficient, significant correlation with a P value of <0.05.
bFor the Spearman rank correlation coefficient, significant correlation with a P value of <0.01.
<For the Spearman rank correlation coefficient, significant correlation with a P value of <0.001.
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to effluent pH. The novel CPB_C95 had fewer correlations but was positively correlated
with the CPB_M38 clade.

Although no correlation was observed for CPB_P15 and flow, a significant drop in all
three monitored Competibacteraceae clades occurred in December 2014. This coincided
with wet-weather events and an increase in flow rates into the plant. It is possible that
a hydraulic overload of the secondary system occurred at this time which may have
washed out these populations.

Putative linkages to process performance. During our study period, process
performance was maintained, and the plant remained in compliance with all regulatory
limits. However, it is interesting to note that of the three Competibacteraceae clades
present in the plant, one clade (CPB_P15) was significantly correlated with secondary
effluent TSS (P < 0.001), which fluctuated from 5 to 44 mg/liter, with an average of
14.6 = 6.7 mg/liter (Table S2). This same clade also demonstrated clear dominance over
the other two clades early in 2014 (Fig. 4). Because the Competibacteraceae family was
originally identified in the plant due to its observed dispersion from the floc in mixed
liquor samples, this group, and specifically, the CPB_P15 clade, could putatively lead to
elevated secondary effluent TSS. A comparison of CPB_P15 dynamics and effluent TSS
indicated an extended period of time in the first half of 2014 when the population
abundance tracked with increases in secondary TSS levels. However, increases in this
subgroup did not always coincide with rises in secondary effluent TSS. To determine
whether specific parameters might influence the role of CPB_P15 in elevating second-
ary effluent TSS, we examined which operational parameters (see Fig. 1 for a schematic
of sampling sites) significantly differed for the following three time periods: (i) a period
when CPB_P15 was dominant and effluent TSS levels were high, (ii) a period when
CPB_P15 was dominant but effluent TSS levels remained low, and (iii) a period when
both CPB_P15 and TSS levels in the effluent were low (Fig. 5). Examination of the
variance in the means of operational parameters during these periods using multivar-
iate analysis of variance (MANOVA) implicated operation at a lower recycle rate and
higher concentration of solids in the mixed liquor and return activated sludge in
periods with both high Competibacteraceae and high secondary effluent TSS (P < 0.001)
(Fig. 5). During the period of high CPB_P15 and high TSS, the secondary system was
operating at its peak mixed liquor VSS concentrations for the 2-year period, and the
overall TSS concentrations in the mixed liquor were also near their maximum (data not
shown).

DISCUSSION

Here, we present the recovery of three novel Competibacter lineage genomes from
full-scale activated sludge samples and document changes in clade abundances over a
2-year study period. The three genomes include new genomes for clades CPB_P15 and
CPB_M38 and one for a novel clade, CPB_C95. We also find evidence for niche
differentiation among these three clades with temporal variability that correlates
with operational changes at the treatment plant. Specifically, we observe episodic
dominance of a likely motile clade, CPB_P15, during periods of elevated effluent
turbidity, as well as episodic dominance of closely related nonmotile clades,
CPB_M38 and CPB_C95, that likely enhance floc formation during periods of low
effluent turbidity.

Although generally associated with enhanced biological phosphorus removal
(EBPR), Competibacteraceae are found worldwide in sediments and activated sludge,
including non-EBPR treatment plants (4, 5, 7, 9). The particular wastewater treatment
plant under study is not operated for phosphorus removal but does include anaerobic-
aerobic periods in its treatment train. In particular, this plant utilizes a four-stage
secondary system, where the first stage is operated as an anaerobic selector. The
influent to the first-stage selector includes primary treated wastewater and anaerobic
digester centrate. This is followed by three stages of aeration and recirculation after
settling, creating an anaerobic-aerobic cycling regime that is favorable for PHA accu-
mulation (2, 19). Furthermore, because the system is a pure-oxygen system and is
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FIG 5 Differences in operational and environmental parameters for three time periods representing stable and unstable conditions. Top
panel, gPCR results for clade CPB_P15, as shown in Fig. 4. Gray bars represent three periods. Medium gray, period of high CPB_P15 but
low-effluent TSS; dark gray/black, unstable period of high CPB_P15 and high-effluent TSS; light gray, period of low CPB_P15 and low-effluent
TSS. Bottom, bar charts for various parameters showing the mean and standard error for each time period. Colors are as described above.
* P < 0.05 in MANOVA analysis; ** P < 0.01; *** P < 0.001. Sec, secondary; kGD, 1,000 gallons per day.

covered to prevent loss of oxygen to the atmosphere, carbon dioxide accumulates in
the gas phase, thereby maintaining a pH of about 6.8. Lower pH below 7.25 reportedly
favors GAOs, such as those of the Competibacteraceae family, over PAOs (3) and may
explain selection for this group of organisms in this wastewater treatment plant. Across
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our 2-year study period, the pH ranged from 6.4 to 7.0 (Table S2), which would maintain
selection pressure for GAOs over PAOs.

Within the Competibacteraceae family, three distinct clades were found whose
abundances varied dramatically over the study period. Our observations are consistent
with other reports on this family in lab- and full-scale activated sludge plants in
Denmark, where multiple clades reportedly coexist and vary greatly both spatially and
temporally (5, 6, 9). Interestingly, the California plant harbors Competibacter lineage
clades that have not been detected at high abundances in other plants. Few 16S rRNA
sequences are available for clade CPB_M38 (4), and only one sequence is present in the
MiDAS database (20). In a recent survey of EBPR systems in Denmark, the distribution
of clade CPB_M38 could not be examined due to the sequence limitation (6). This study
provides additional sequences for CPB_M38 and for a proposed novel clade, CPB_C95,
and documents their abundances over a 2-year time period.

The third clade identified in the Bay Area plant, CPB_P15, is a clade detected in
treatment plants throughout Denmark (6) but not as a dominant clade. In this plant, the
CPB_P15 clade was abundant in early 2014, and its increase coincided with elevated
TSS in the secondary effluent. The population of CPB_P15 decreased dramatically at the
end of 2014, and other clades increased in abundance. Given that the three organisms
are closely related and rely on similar metabolisms, we surmise that they may be
competing for a similar niche. The significant negative correlation with CPB_M38
supports this hypothesis. The shift in favor of CPB_M38 following a washout may have
resulted in the exclusion of CPB_P15, preventing its recovery as dominant clade and
suppressing its release into the effluent.

Operational parameters that characterized the period with high CPB_P15 and high
effluent TSS include low recycle rates, high concentrations of mixed liquor VSS, and
high concentrations of return sludge and low wasting rates. A reduction in recycle rate
would imply a smaller fraction of time spent in the aerated portion of the system and
the potential for increased accumulation of solids within the clarifier. This accumulation
would be magnified by the higher solids loading on the clarifier due to maintenance of
high mixed liquor VSS and higher concentration of return sludge TSS. With increased
levels of solids in the clarifier, nutrients, such as oxygen, would be depleted more
rapidly. We hypothesize that under these operational conditions, genes for flagellar
motility may have been expressed, making the CPB_P15 organisms more likely to
disperse from the floc and be released into the effluent. Clearly, additional laboratory
analyses are needed to confirm this hypothesis. It is likely that there is a confluence of
factors occurring during periods of elevated TSS in the clarifier effluent, as genes for
flagellar motility are common within activated sludge communities and can contribute
to the extracellular matrix, leading to adhesion of cells (21). Flagella are also present in
other Competibacter lineage members, but poor settling has not been described. The
lack of EPS-producing genes (see below) and hydrogenases may also play a role.
Hydrogenases have been implicated in electron balance during anaerobic periods in
the PAO “Candidatus Accumulibacter,” and hydrogen production has been observed
(22). If CPB_P15 also produces hydrogen, gas production may disrupt integration within
the floc, and motility may allow it to access metabolic resources that are unavailable to
other floc members.

A factor contributing to the strength of the activated sludge flocs is the abundance
of microorganisms that can produce EPS. The biofilm matrix consists of a mixture of
polysaccharides, proteins, lipids, extracellular DNA, and other material that connect
microbial cells into aggregates (21). In activated sludge, the production of EPS is
essential for bioprocess stability, as it leads to formation of well-settling flocs that can
be separated from the final effluent and recycled back into the aerated reactor.
Recently, a highly conserved EPS biosynthesis gene cluster was identified in Zoogloea
resiniphila strain MMB, where mutants in this cluster no longer exhibited a floc-forming
phenotype (15). We identified an orthologous gene cluster in the CA23.1 bin, which we
believe is the genome for the CPB_C95 clade in the California plant. Partial clusters were
also identified in the genomes for “Ca. Competibacter denitrificans” and “Ca. Conten-
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dobacter odensis.” Given that Competibacteraceae have been implicated in the synthe-
sis of the polysaccharide “granulan” in aerobic granules (23), further evaluation of these
putative EPS gene clusters may provide deeper insight into the nature and stability of
this polysaccharide.

In later time periods, CPB_C95 became the dominant Competibacteraceae clade. It is
interesting to speculate that CPB_C95 and other EPS-producing organisms exhibited a
beneficial role on floc formation, generating EPS that served to retain other organisms
in the system. During periods of lower CPB_C95 abundance and higher CPB_P15
abundance, CPB_P15 may have been more likely to disperse. CPB_C95 was not corre-
lated with effluent TSS. Given its ability to produce floc-forming EPS, we might expect
a negative correlation. However, additional factors, including the presence of filamen-
tous organisms and chemical and polymer addition, may obscure such a correlation.
Continued examination of these genomes, and the retrieval of other genomes from
these metagenomic samples, will no doubt provide deeper insight into such interac-
tions, as will future studies examining EPS production and gene expression.

MATERIALS AND METHODS

Site description, sample collection, and operational parameters. We obtained samples from a
wastewater treatment plant in northern California. The plant can treat a maximum of 168 million gallons
per day (MGD; 636,000 m3day~') with secondary treatment but has an average flow of 63 MGD
(240,000 m3 day~") from both domestic and industrial sources. Dissolved and colloidal organic removal
occurs in a four-stage pure-oxygen aeration system, with the first stage operated as an anaerobic
selector, prior to removal of microbial biosolids in a clarifier, disinfection of treated wastewater, and
discharge into receiving waters. Thickened waste biosolids and high-strength anaerobically digestible
material trucked in from offsite undergo anaerobic digestion for energy recovery, and digester centrate
is combined with raw wastewater upstream of the primary sedimentation basin. The combined influent
to the secondary treatment system therefore consists of raw influent domestic wastewater, anaerobic
digester centrate, and filtrate from thickening of biosolids.

Plant staff routinely monitor several operational variables. Flow rates (secondary inflow, secondary
outflow, and wasted sludge flow) are recorded with in-line flow meters, and secondary effluent pH is
measured in a grab sample. Total suspended solids (TSS) are measured at various locations (influent,
secondary influent, secondary effluent, mixed liquor, and waste return activated sludge), using Standard
method 2540 D (24). Mixed liquor biosolids are measured as mixed liquor VSS (MLVSS), as per EPA 160.4
(25). Characterization of the dispersed large coccoid cells observed microscopically is per the method of
D. Jenkins (26). For this study, because secondary TSS concentrations are reported weekly, but TSS
loading in kilopounds (klbs) and secondary flow in million gallons per day are reported daily, TSS
concentrations in milligrams per liter were computed from daily loading and flow data and were used
for statistical analysis. These estimated values matched with the data reported weekly. Recycle rates were
also calculated as the ratio of return flow to influent flow. Return flow was calculated based on influent
flow, waste flow, and mass concentrations in the effluent, mixed liquor, and return activated sludge.

From January 2014 to December 2015, weekly grab samples of the activated sludge were collected
from the secondary treatment system. Samples (2.0 ml) were centrifuged on-site, the supernatant was
removed, and the samples were stored at —20°C until further use.

Clone library DNA extraction, PCR, cloning, and sequencing. An activated sludge sample was
collected on 19 September 2013 for microbial community analysis and identification of major genera.
DNA was extracted using the Mo Bio PowerSoil DNA isolation kit (Carlsbad, CA), following the manu-
facturer’s directions. Near-full-length fragments (1,465 bp) of the 16S rRNA gene were amplified using the
primer set 27F.1 (AGAGTTTGATCMTGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT), using a protocol
based on a study by Wells et al. (27). Briefly, four replicates of 20-ul PCRs were amplified at different
annealing temperatures (48, 51.5, 55, and 58°C) and then pooled prior to cloning. Each PCR contained
300 nM each primer, 1X Fail-Safe PCR buffer F (Epicentre, Madison, WI), 1.25U AmpliTaq LD Taq
polymerase (Applied Biosystems, Foster City, CA), 0.1 ng/ul bovine serum albumin (BSA), and 20 to 50 ng
of genomic DNA. The PCR temperature profile was as follows: 95°C for 3 min, and then 15 cycles of 95°C
for 30's, 48 to 55°C for 30's, and 72°C for 60 s, followed by a final extension at 72°C for 7 min. Amplicons
were pooled and gel extracted from a 1.5% agarose gel using the QIAquick gel extraction kit (Qiagen,
Valencia, CA) and cloned using the pGEM-T Easy vector system with JM109 competent E. coli cells
(Promega, Madison, WI), as per the manufacturer’s instructions. Randomly picked clones were sequenced
using T7 and SP6 primers by MCLAB (San Francisco, CA), generating 84 partial 16S rRNA gene sequences.
For a subset of these sequences that were identified as Competibacteraceae (see below), clones were
sequenced using both the T7 and SP6 primers to yield near-full-length 16S rRNA gene sequences.

Phylogenetic analysis. The 165 rRNA gene sequences were checked for chimeras using the online
Bellerophon tool (28). Suspected chimeras were manually inspected and checked using BLASTN (29) to
verify that they matched other sequences available in the database across the whole length of the
fragment. Taxonomic identification was then performed concurrently with alignment of the partial 16S
rRNA sequences using the online SINA alignment service (30).
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Cloned sequences belonging to the Competibacteraceae family and closely related database se-
quences from Mcllroy et al. (4) were aligned with the online SINA alignment service (30) and trimmed,
and variable regions were removed using a custom filter from the ARB software (31) (filter by base
frequency, 20% to 100%). The program ModelGenerator (32) was used to find an appropriate substitution
model to convert the aligned sequences to a tree structure. Based on the Akaike information criterion
(AIC), a phylogenetic tree was made using the PhyML (33) plug-in in Geneious version 10.2.2 (34) with
the TN93 substitution model (35), with 100 bootstraps. The tree was visualized using the R package
ggtree (36).

Metagenome DNA extraction and sequencing. DNA was extracted from the MLVSS samples for 25
March 2014, 21 July 2015, and 27 October 2015 using the FastDNA Spin kit for soil (MP Biomedicals, Santa
Ana, CA), as per the manufacturer’s instructions, with the exception of the initial bead-beating step.
Samples were vortexed at maximum speed for 10 min using a Vortex Adapter (Mo Bio Laboratories, Inc.,
Carlsbad, CA) with the Vortex Genie 2T (Scientific Industries, Inc., Bohemia, NY) to lyse the samples. The
extracted DNA was sent to Genewiz (South Plainfield, NJ) for sequencing. Paired-end (PE) (2 X 150 bp)
reads were sequenced on the lllumina HiSeq 2500 platform (San Diego, CA) using the TruSeq PCR-free
library preparation kit (Illumina). Additionally, the clone library for sample 19 September 2013 was
sequenced by MCLAB (Hayward, CA), with 2 X 300-bp PE reads on the Illumina MiSeq platform.

Metagenome assembly and genome binning. Metagenome assembly and binning followed the
protocol for mmgenome (37) based on the differential coverage multimetagenome approach given by
Albertsen et al. (10), with modifications for alternate software. First, paired-end reads were imported into
the CLC Genomics Workbench version 8.0.3 (CLC bio, Qiagen) and trimmed using a quality limit of 0.04,
no ambiguous nucleotides, a minimum read length of 50 bp, and removing adapters if found. Trimmed
reads from samples 25 March 2014 and 19 September 2013 were then coassembled with MEGAHIT
version 1.1.1 (38), with a k-min of 21, k-max of 100, and a k-step of 10, as used by Vollmers, Wiegand, and
Kaster (39). Similarly, trimmed reads from samples 21 July 2015 and 27 October 2015 were coassembled.

The reads for each sample were independently mapped to scaffolds with Bowtie2 version 2.3.2 (40)
and SAMtools version 1.3.1 (41) to generate coverage plots using the script calc.coverage.in.oam.depth.pl
from the multimetagenome toolkit (10).

Contig information was obtained based on essential genes, 16S rRNA sequences, and scaffold
classification. Essential gene prediction followed the pipeline for mmgenome (37) using Prodigal version
2.6.3 (42), HMMER 3.1b2 (43), BLAST (29), MEGAN version 5.11.3 (44), and mmgenome-associated perl
scripts. Additionally, 165 rRNA genes were predicted using the workflow described in mmgenome;
predicted 16S rRNA sequences were then classified using the online SINA aligner (30). Scaffolds were
classified with PhyloPythiaS+ version 1.4 (45). All data were imported into the RStudio integrated
development environment (IDE) (46) running R version 3.4.4 (47), and the mmgenome toolkit (37) was
used to extract individual genome bins.

Paired-end reads were extracted from the binned scaffolds using extract.fastq.for.reassembly.pl (37)
and were used for reassembly using SPAdes version 3.10.1 (48), with k values of 21, 33, 55, and 77, as
recommended for PE 2 X 150-bp reads (48). Assembly coverage, GC content, and/or tetranucleotide
frequencies were used for an additional round of screening with mmgenome, and assemblies were run
through the online web tool for ACDC (49) to remove suspected contaminants. Genome completeness
and contamination were estimated with CheckM (11).

Genome annotation and analysis. Reassembled genomes were annotated with Prokka version 1.12
(50) and annotated with KEGG numbers using the online tool BlastKOALA (51) and the Rapid Annotations
using Subsystems Technology (RAST) server (52); 16S rRNAs were predicted using RNAmmer (53).

Genomes for Competibacteraceae were downloaded from GenBank using the accession numbers
from the Genome Taxonomy Database (14). Average nucleotide identity (ANI) was calculated with pyani
(https://github.com/widdowquinn/pyani) using the BLAST method (29). Orthologous groups were also
predicted using Proteinortho version 5.16b (54). The script po2group_stats.py (55) was used to determine
the core genome based on the Proteinortho output.

Phylogenomic trees. Anvi'o version 4 (56) was used to extract and concatenate the bac120 (120
single-copy marker proteins in bacteria) amino acid sequences (13). Amino acids were aligned with
MUSCLE (57). The alignment was masked with Gblocks (58), and an appropriate substitution model was
chosen using ModelGenerator version 85 (32). A tree was then constructed using the PhyML algorithm
(33) using the Le and Gascuel (59) substitution model using SeaView (60), with 100 bootstraps.

Weekly monitoring with DNA extraction. To select a DNA monitoring tool for routine use by
wastewater treatment plant personnel, we compared a heat lysis method to two conventional DNA
extraction kits (MP Biomedicals FastDNA Spin kit for soil, Santa Ana, CA; and Mo Bio PowerSoil isolation
kit, Carlsbad, CA). No statistically significant difference was observed (data not shown), so heat lysis was
adopted for extraction of DNA from activated sludge samples collected over the 2-year time course from
7 January 2014 to 29 December 2015. For the heat lysis method, archived frozen 2.0-ml pellets of biomass
samples were resuspended in 1 ml Tris-EDTA (TE) buffer (pH 7.0). Only a small fraction of the pellet was
used for DNA extraction, so the sample was first vortexed for 1 min at maximum speed using a Vortex
Adapter (Mo Bio Laboratories, Inc., Carlsbad, CA) with the Vortex Genie 2T (Scientific Industries, Inc.,
Bohemia, NY) to wash and homogenize the sample. Fifty microliters was then aliquoted into a fresh
microcentrifuge tube. The 50-ul sample was heated at 95°C for 10 min and then transferred to ice for
5min. It was then spun for 1 min in a microcentrifuge tube at high speed to pellet any debris. The
supernatant containing DNA was transferred to a fresh tube and archived at —20°C until needed.

Quantification of Competibacteraceae 16S rRNA gene abundance. Quantitative PCR (QPCR) was
used to estimate the 16S rRNA gene copy number for three Competibacteraceae clades identified at the

March 2019 Volume 85 Issue 5 €02301-18

Applied and Environmental Microbiology

aem.asm.org 13


https://github.com/widdowquinn/pyani
https://aem.asm.org

Brand et al.

Northern California Wastewater Treatment Plant. Based on the 22 sequences from the clone library,
regions of the 16S rRNA were identified with either high or low specificity to a subgroup using an
in-house script that designed end primers and a corresponding TagMan probe (Table 2). Plasmid DNAs
from the clone library containing representative 16S rRNA segments from the three subgroups were used
to test each assay for specificity. These plasmids were also used to generate standard curves and were
isolated using the PureLink HiPure plasmid miniprep kit (Thermo Fisher Scientific, Fremont, CA). All
standard reactions were carried out in triplicate, and all samples in duplicate, using a StepOnePlus
real-time PCR system (Applied Biosystems, Inc., Foster City, CA). A linear response (R> > 0.98) was
observed for plasmids containing specific subgroup 16S rRNA gene between 10" and 107 copies per
reaction, with efficiencies from 95% to 112%. Duplicate negative controls containing no-template DNA
were included in all experiments to ensure that contamination was not present in the reactions. Each
10-ul reaction mixture contained 1X PrimeTime qPCR assay mix containing two end primers and a
fluorescently labeled probe (Integrated DNA Technologies, Coralville, 1A), 1X TagMan universal master
mix (Life Technologies, Carlsbad, CA), and 1 ul template. The profiling temperature was as follows: 95°C
for 10 min, 40 cycles of 95°C for 15 s and 60°C for 60 s with detection for an additional 10 s, followed by
a final extension at 72°C for 10 min.

Attempts were made to normalize the individual Competibacteraceae 16S rRNA qPCR results to total
16S rRNA using the primer set 341f/534r (61). The plasmid sequence for CaBA clone 25 was used as a
standard from 103 to 108 copies in a 10-ul reaction mixture containing 0.4 uM each primer, 1X AB Power
SYBR master mix (Applied Biosystems, Foster City, CA), and 1 ul template. A linear response was observed
for this assay, with an efficiency of 105%. While the signal for each sample was mostly constant for the
2-year time series, values were lower than expected and suggested that stored DNA had degraded over
time. Copies of 16S rRNA for each Competibacteraceae clade were therefore normalized to milligrams of
VSS as measured by the treatment plant staff to adjust for changes in biomass concentration.

Statistical analysis. Statistical analyses of plant monitoring data and Competibacteraceae abundance
were carried out using the R statistical software version 3.4.4 (47) in RStudio version 1.0.143 (46). For each
type of analysis, the Benjamini-Hochberg correction (62) was used to assess significant P values given
multiple comparisons.

(i) Linking Competibacteraceae abundance to plant monitoring data. Correlations of measured
plant data to the abundance of Competibacteraceae groups were calculated using Spearman’s rank
correlation coefficient using the rcorr function in the Hmisc package in R (63), and the P values were later
adjusted with the Benjamini-Hochberg correction (62). Missing values were removed using pairwise
comparison.

(ii) MANOVA for Competibacteraceae-associated TSS events. To assess which variables differed
between periods with high and low abundance of clade CPB_P15, a multivariate analysis of variance
(MANOVA) was carried out for three time periods, as follows: an initial time period of early 2014,
representing a period of high CPB_P15 abundance but low effluent TSS levels (stable conditions); a
second period in May to June 2014, representing a period of high CPB_P15 abundance and high effluent
TSS levels (unstable conditions); and a final time period in July 2015, representing a period of both low
CPB_P15 abundance and low effluent TSS levels (stable conditions). Separate MANOVAs were carried out
for microscopy observation data (dispersed large coccoid cells, CPB_P15, and other Competibacter
lineage) and operational parameters (TSS levels in the primary and secondary influent, TSS in the effluent,
waste return activated sludge, flow rate, mixed liquor VSS, SRT, and recycle rate).

Data availability. The Competibacteraceae 165 rRNA gene sequences from this study have been
deposited in GenBank under the accession numbers MH827568 to MH827589. Short reads from the
metagenome and the binned genomes have been uploaded under BioProject number PRJINA509633.
The genomes have been deposited at DDBJ/ENA/GenBank under the accession numbers RXIV00000000,
RXIW00000000, and RXIX00000000. The versions described in this paper are versions RXIV01000000,
RXIW01000000, and RXIX01000000, respectively.
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Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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