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An increasing number of water resource recovery facilities are implementing biological processes for nutrient removal and recovery. One challenge with engineering these processes is the kinetic characterization
of nutrient dynamics within microbial communities, where metabolite sharing and varying ecological niches
and strategies can lead to complex interactions among organisms. We have applied a 3-dimensional (3-D)
visualization method to reveal the effects of varying proportions and total loading of inorganic N species
(NH4+ and NO3−) on assimilatory and dissimilatory processes by a mixed photosynthetic community within
a continuous high density bioreactor (HDBR). This 3-D method enabled the identification of loading conditions that result in maximum specific total N removal rates, which were not easily apparent with
1-dimensional linear regression. Furthermore, microscopic and metagenomic analyses enabled the identification of Chlamydomonas reinhardtii and Parachlorella kessleri as the two dominant algal strains and a
member of the Leptolyngbya genus as the dominant cyanobacteria present within the community.
Ammonia- and nitrite-oxidizing bacteria (AOB and NOB respectively) were found to comprise a small but
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significant portion of the bacterial community. Relative and absolute abundance of total bacteria, AOB,
NOB, denitrifying bacteria, C. reinhardtii and P. kessleri were obtained from metagenomic and real-time
PCR (qPCR) analyses. Within this work, we present evidence that the operational conditions and parameters
of a reactor has an effect on each of the investigated components of the microbial community and that
those effects ultimately impact the resultant reactor kinetics.

Water impact
Natural and engineered biological processes are often influenced by multiple microorganisms. By combining kinetic and molecular analyses this study
demonstrates that changes in environmental conditions within a bioreactor can lead to changes in structure and abundance of nitrogen-transforming organisms within a photosynthetic mixed community, which ultimately affect the nature and extent of nutrient removal and dynamics.

Introduction
Point and non-point nutrient sources have both been
connected to the eutrophication of receiving water bodies.1–4
a
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Wastewater effluent receiving water bodies are some of the
most anthropogenically impacted aquatic systems. Controlling nutrient loading, from sources such as wastewater treatment plants, entering receiving waters is vital to addressing
eutrophication.2,4 While chemical processes such as struvite
precipitation exist to remove nitrogen (N) and phosphorus
(P), a larger number of different biological processes, such as
deammonification using anaerobic ammonium oxidizing bacteria and enhanced biological phosphorus removal using
phosphate-accumulating organisms, are being implemented
to improve nutrient removal from wastewater.5–7 The application of algae for nutrient removal is another promising biological process,8–15 which offers the additional benefit of producing algal biomass, an emerging resource11,12,16 that can
be used for a variety of purposes including the production of
biofuel, pigments, and supplementary proteins.17,18
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One of the major challenges with studying nutrient kinetics within mixed biological systems is the potential for competition, feedback, and metabolite sharing that can develop
in regards to N species.19 Three major N pathways exist
within mixed photosynthetic microbial communities: integration of N into algal biomass, oxidation of NH4+ to NO3− by nitrifying bacteria, and assimilation of N into bacterial biomass
by heterotrophic bacteria.20 All of these interacting ecological
processes could impact overall N removal and uptake kinetics
within a photosynthetic microbial community,19,21 making it
important to understand the effect of operating conditions,
such as the proportion and loading of N species, on the
microbial ecology of the system.
In aggregate, the performance of algal-bacterial systems is
a function of the metabolic processes carried out by each species as well as the interactions between species.18 Similar to
the symbiotic interrelation that exists between bacteria and
plants,22 algae and bacteria form symbiotic relationships23,24
although the study of these interactions are limited in extent.25,26 Within this phycosphere, bacteria benefit through
algae's secretion of extracellular products that enhance
bacterial growth and biofilm establishment and stabilization.18,27,28 In turn, bacteria have been observed to produce
and excrete vitamins and other growth factors which support
and stimulate algal growth.26,29,30 Such placid exchanges between algae and bacteria are not always present, as algae
have been demonstrated to produce and excrete antibacterial
chemicals31 and compounds that interfere with bacterial quorum sensing,32 while some bacteria are capable of producing
algaecides.33
The myriad combinations of symbiotic and antagonistic
relationships between algae and bacteria emphasize the importance of investigating both single species metabolism and
the extracellular interactions that drive the ecological functions within these microbial communities.18,34,35 To date,
many studies have focused on axenic or single-algal species
cultures when characterizing the performance of photosynthetic communities in nutrient and inorganic carbon uptake.18 Expanding characterization studies to include multiple algal and bacterial species as well as utilizing tools from
molecular biology may greatly advance the progress of algalbiotechnologies.18,34–38
The development of molecular biology tools provides investigators with novel and powerful methods of probing
intercellular processes, inter-species interactions, and ecological relationships within microbial communities.39 Real-time
PCR has been used extensively to study the nitrifying and
denitrifying bacterial communities present within soils,40–42
wastewater treatment plants43–49 and constructed wetlands,50
as well as bench and pilot scale bioreactors.51,52 Metagenomic analysis has previously been applied to that of algalbacterial cultures within photobioreactors (PBR), KrohnMolt et al. found that bacterial pathways for organic carbon
utilization were highly diverse, and B vitamin production
pathways were highly abundant, supporting mutualistic relationships between algae and algal-associated bacterial spe-
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cies.53 However, the Krohn-Molt et al. did not attempt to relate the kinetics or activity of the PBRs to the metagenomics
data.
This work describes the kinetic, metabolic, and metagenomic relationships and associations found within a high
density bioreactor (HDBR)54–56 which has been adapted to a
photobioreactor (PBR) configuration57 to study the nitrogen
removal characteristics. We present and demonstrate the utility found in 3-dimensional (3-D) visualizations when interpreting reactor kinetics where numerous metabolites are of
interest (e.g., NH4+, NO2−, and NO3−) and multiple species
and metabolic pathways consume and produce these metabolites. Similar to graphical-mechanistic approaches to understanding and predicting competitive and predation
behavior,58–60 these visualizations enable investigators to reveal feedback and synergistic phenomena in N cycling. Exploratory metagenomic analysis was carried out to describe
the taxonomic and functional composition within the HDBR.
Real-time PCR was then used to quantitatively link reactor kinetics to microbial community composition.

Methods
HDBR experimental design
A high density bioreactor was seeded with inoculate obtained
from a decorative fish pond on the University of Pennsylvania's
campus in Philadelphia, Pennsylvania, USA. A synthetic influent, containing no organic carbon, was prepared from mineral salts, as previously described.57 Influent concentrations
of NH4+ and NO3− were varied over several influent conditions
resulting in a range of specific loading rates into the reactor.
The experiment was designed to maintain a distribution of
NH4+ and NO3− such that the total N concentration of the
feed was below 40 mg N L−1. A description of the reactor, its
operation, sample collection, and the analytical analysis
thereof is provided in the ESI;† a comprehensive discussion
of the HDBR system and its adaption to a PBR configuration
appears in Price et al., 2015.57 A combination of light (bright
field and differential interference contrast (DIC)) and scanning electron microscopy (SEM) were used in an attempt to
identify algal species and understand the structure of flocs
formed within the HDBR; these methods are described in the
ESI.†
Incomplete sample pairs (missing influent or effluent
samples) were removed from the data set. Only sample pairs
describing pseudo-steady state for each condition were used
for analysis. Accordingly, samples obtained within 24 hours
of an influent condition change were dropped. Data handling, statistical analysis, and plotting were carried out in
R.61 Global outliers were identified using the boxplot() function within R.61–64 The boxplot() function considers any point
further than 1.5 times the interquartile range (IQR) from the
1st and 3rd quartiles to be an outlier. Simple linear regression was used to analyze the significance of relationships
between influent and effluent N species.61,65,66 Reviewing
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normal quantile–quantile and residual plots identified other
potential outliers.
Specific loading rates of NH4+ and NO3− were calculated as
the mass of ammonia- and nitrate-nitrogen input per unit
time per unit biomass (mg N h−1 g SS−1) (Table S1†). Specific
removal rates of NH4+ and NO3− were calculated as the difference between influent and effluent content for each N species
per unit time per unit biomass (mg N h−1 g SS−1). The specific
removal rate of total N was calculated as the difference between influent and effluent content of the sum of NH4+,
NO2−, and NO3− per unit time per unit biomass (mg N h−1 g
SS−1). Dissimilatory denitrification was not expected at the
outset of the experiment due to the availability of dissolved
oxygen, provided through aeration in the reactor's recycle vessel and production by algae via photosynthetic reactions.57
DNA extraction
Microbial community samples were collected from the reactor at the end of each condition set and immediately stored
at −80 °C. Total DNA was extracted from three biological replicates of each sample using a modified version of the Animal
Tissue Protocol of the DNeasy Blood & Tissue Kit (Qiagen
Inc, Valencia, CA, USA). For each replicate, 200 μL of sample
was transferred to PCR-clean 2 mL tubes and centrifuged at
5000 g for 30 minutes and the supernatant was discarded.
Biomass was resuspended in 180 μL of lysis buffer and 20 μL
of proteinase K and incubated at 56 °C for 12 hours. The remainder of the extraction steps followed the animal tissue
protocol described in the kit's manual. To prevent dilution of
the DNA concentration, final elution of DNA was carried out
via a single elution with 200 μL of DNase/RNase-free water.
DNase/RNase-free water was used as an alternative to the
Buffer AE in the kit to ensure compatibility with downstream
processes. The DNA concentration of the elutant was measured on a Qubit 2.0 using dsDNA high sensitivity assay kits
(Life Technologies, Thermo Fisher Scientific, Carlsbad, CA,
USA). Table S2† contains a list of the DNA replicates, the
extracted DNA concentrations for each replicate, the biomass,
biomass zone volume, and biomass density within the reactor at time of collection.
Metagenomics sequencing
Total DNA from Condition 3 and Condition 5 were submitted
for paired-end sequencing on an Illumina HiSeq 2500 sequencer. Provincial examination of the sequencing results for
taxonomic composition and relative abundance was carried
out using the Metagenomics RAST Server (MG-RAST).67 Raw
reads were uploaded to MG-RAST and were subjected to
quality control measures within MG-RAST prior to entering
the annotation pipeline. Artificial duplicate sequences produced during sequencing were removed as described by
Gomez-Alvarez et al.68 The sequences were then screened to
remove any data derived from H. sapiens as described by
Langmead et al.69 Low quality sequences were removed with
DynamicTrim;70 a minimum Phred score of 15 was selected
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to be considered a high-quality base call and sequences were
trimmed to contain a maximum of 5 low-quality bases. These
pipeline settings were the default parameters in the MGRAST pipeline configuration at the time the metagenomes
were uploaded.67,71 Quality control statistics for the MG-RAST
pipeline are presented in Table S3.†

Absolute and relative quantification of select algae and
bacteria
An array of 12 primer pairs were selected with the intention
of quantifying the abundance of two algae species and the total, nitrifying, and denitrifying bacterial populations within
the reactors (Table S4†). Absolute quantification of total bacteria, Chlamydomonas reinhardtii, and Parachlorella kessleri
was performed. Total bacterial 16S rDNA was targeted with
the primers 1055f and 1392r.43 Chlamydomonas reinhardtii
rbcL was targeted with the primers rbcL_cr_F and rbcL_cr_R
(this study). Parachlorella kessleri was targeted with the
primers rbcL_pk_F and rbcL_pk_R (this study). Abundances
of nitrifying and denitrifiying bacteria were determined on a
relative quantification basis. AOB were quantified via 16S
rDNA using CTO198f A/B, CTO189f C, and CTO654R72 as well
as ammonium monooxygenase gene (amoA) using amoA-1F
and amoA-2R.73 Forward primers CTO198f A/B and CTO189f
C were combined in a 2 : 1 ratio prior to carrying out
qPCR.45,72 NOB were quantified via three primer pairs: Nitrobacter sp. 16S rDNA with FGPS872 and FGPS1269′,74 the Nitrobacter sp. nitrite oxidioreductase with NxrB 1F and NxrB
1R,75 and Nitrospira sp. 16S rDNA with NSR 1113F and NSR
1264R.76 Denitrifying bacteria were quantified exclusively
through functional genes using primers targeting copper
containing nitrate reductase gene (nirK) (nirK 1F and
nirK 5R77), cytochrome cd1-containing nitrite reductase gene
(nirS) (nirS cd3AF and nirs R3cd78), nitric oxide reductase
gene (nor) (cnorB-2F and cnorB-6R79), and nitrous oxide reductase gene (nosZ) (nosZ-F80 and nosZ 1162R78).
The development of species-specific primers was necessary
to quantify the abundance of algal species. To facilitate this
goal, metagenomic reads were aligned to reference target genomes. To account for microalgae, every complete genome
within Viridiplantae, which encompasses both Chlorophyta
and Streptophyta, was acquired from GenBank. To address
cyanobacteria, every complete genome (chromosome) available for organisms falling into Cyanobacteria, Chloroflexi,
and Chlorobiaceae was also downloaded. The last two groups,
Chloroflexi and Chlorobiaceae, were also collected to ensure
that reads belonging to these groups were not incorrectly
classified by MG-RAST as being Cyanobacteria. Each group
(algae and cyanobacteria) of genomes was pooled into a single reference file. Raw metagenomic reads were mapped onto
the pooled reference genomes using Bowtie2;81 within this
context, Bowtie2 treats each individual genome as a chromosome and only the primary alignment for each read was
reported. The total number of reads aligned to individual algae and cyanobacterial genomes were obtained through
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SAMtools82 and BEDTools.83 Five genomes representing Chlamydomonas reinhardtii and Parachlorella kessleri overwhelmingly
dominated the aligned read count. Similarly, the reads
mapped onto cyanobacteria chromosomes were primarily
mapped to one genome, Leptolyngbya strain O-77. Real-time
PCR primers were designed for each of the microalgae using
BLAST84 and Primer BLAST;85 both primer sets target the
ribulose bisphospate carboxylase (RuBisCO) large chain gene
(rbcL) found in algal chloroplasts.
Real-time PCR (qPCR) was carried out on a Roche
LightCycler 480 (Roche Diagnostics Corporation, Indianapolis, IN, USA) using SYBR Green chemistry (Applied Biosystems, Carlsbad, CA, USA). Primers and standard targets
for qPCR were synthesized by Eurofins MWG (Huntsville, AL,
USA). All qPCR reactions were 20 μL in volume and contained
2 μL of undiluted DNA template, a primer concentration of
0.3 μM and SYBR Green Master Mix. Three technical replicates were analyzed for each of the three biological replicates.
At the end of each qPCR run, melting curve data was collected and analyzed to verify amplification product purity.
The thermocycler program used to carry out qPCR for the
total bacteria primer set used pre-incubation at 50 °C for 3
min, 95 °C for 10 min, followed by 45 cycles at 95 °C for 30 s,
50 °C for 60 s, and 72 °C for 20 s.43 For the primer sets
targeting algal rbcL, the thermocycler program entailed preincubation at 50 °C for 2 min, 95° for 10 min, and 40 cycles
at 95 °C for 1 min, 56 °C for 1 min, and 72° for 1 min. The
remaining 9 nitrogen-centric primer sets used the following
thermocycler program: pre-incubation at 50 °C for 2 min, 95
°C for 10 min, and 40 cycles at 95 °C for 1 min, 50 °C for 1
min, and 60 °C for 1 min.45
Serial dilutions of synthetic target genes were used to
create standard curves for the absolute quantification of
total bacteria and two microalgae species. The target for
the total bacterial primer pair was a fragment of 16S rDNA
gene for a Nitrospira sp. (GenBank accession number
AF420301).43,76 The target for the Chlamydomonas reinhardtii
and Parachlorella kessleri primer pairs were based on fragments of representative rbcL gene sequences for each species (GenBank accession numbers FJ423446 (ref. 86) and
FJ968741,87 respectively). The sequences of the standard
targets are provided in the ESI.†
The 2−ΔΔCT method was used to compare the relative
abundance of the nitrogen-centric target genes.88 Total bacterial 16S DNA was selected as the reference gene, and Condition 5 was selected as the reference sample. The CT values of
the technical replicates were averaged to obtain an aggregate
value for each biological replicate. Taking the average
of technical replicates allows the computation of 2−ΔΔCT for
all 9 permutations of reference and target values. Permutations were used as an alternative to averaging both the technical and biological replicates and avoids artificially masking
the variation present in the CT results. The relative abundance values were then averaged and their standard error
calculated. 2-Tailed t-tests, with α set to 0.05 (α/2 = 0.025),
were carried out to determine if each condition's relative
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abundance for a given gene was statistically different from
Condition 5.

Results and discussion
Light and SEM
The high density of the biomass flocs made dilution necessary to obtain images of their three-dimensional structure.
Bright field microscopy revealed several overlapping layers of
intertwined filamentous green bacteria (most likely cyanobacteria) and green microalgae entrained within the filamentous mesh. Without further dilution, observation is limited
by the amount of light that is transmitted through the sample and the image was generally blurry. However, at higher
magnification and while using DIC several classes of photosynthetic organisms can be identified, including little round
green things (LRGT) (Fig. S1A†) and filamentous or segmented cyanobacteria, tentatively identified as Leptolyngbya
sp. (Fig. S1B†). Less commonly found was Scenedesmus dimorphous (Fig. S1C†) and a relative (Fig. S1D†). Because many
microalgae appear morphologically similar, LRGT is used as
a catchall phrase intended to cover photosynthetic microorganisms of undetermined species.
Scanning electron microscopy validated the observations
made during light microscopy that the physical structure of
the flocs was highly complex (Fig. 1). Exopolymeric substance
(EPS) appeared to form a highly adhesive film that serves to
fix a multitude of organisms within the floc including LRGT
(Fig. 1A), Trachelomonas sp. (Fig. 1B), and filamentous segmented cyanobacteria (putative Leptolyngbya sp.) (Fig. 1C).
The primary structure of the flocs seem to be determined by
a net- or mesh-like network of cyanobacteria connected with
EPS; some of the cyanobacteria strands exceeded 100 μm in
length. LRGTs are entrenched both within and on mats of
EPS that stretch between these strands. The Trachelomonas
sp. that was observed appears to exclusively grow on the
surface of the EPS. The close association between

Fig. 1 Scanning electron micrograph of algae and bacteria entrained
in biomass floc including A) LRGT, putative microalgae, B) Trachelomonas
sp., and C) filamentous segmented cyanobacteria, putative Leptolyngbya sp.
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microorganisms within the flock and the microbe-anchoring
function of EPS corroborate the conclusions reported by
Krohn-Molt et al.53

Reactor kinetics

the specific removal rates of NH4+ were positive while the specific removal rates of NO3− were generally negative (Fig. S3†).
The removal of NH4+ coinciding with the generation of NO3−
suggests that nitrification is being carried out, alluding to
the presence of AOB and NOB within the HDBR. Removal of
NH4+ was significantly effected by the loading rate of NH4+
(n = 38, p = 0.008387), but not by NO3− loading (Fig. S4†). The
removal rate of NO3− was found to significantly decrease in
response to the NH4+ loading (n = 38, p = 0.006409), implying
that nitrifying bacteria increase their activity in response to
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While the removal of total N was observed over all loading
rates of total N, NH4+, and NO3−, it was not significantly affected by the specific loading rates of total N, NH4+, or NO3−
(Fig. S2, Table S5†). Over the range of total N loading rates,

Paper

Fig. 2 3-D visualization of specific removal rates vs. N species loading rates. Contour maps and 3-D plots portraying the specific removal rates
(mg N h−1 g SS−1) of total N (A, B), NH4+ (C, D), and NO3− (E, F) in relation to the specific loading rates of NH4+ and NO3− (mg N h−1 g SS−1). The domain of the 3-d plots (A, C, E) is identical to that of the contour maps (B, D, F) and the color scheme is consistent between all 6 panels to facilitate
visual comparison. The use of contour maps or 3-D plots enables the visualization of a response variable over a 2-D sample space.
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NH4+ loading (Fig. S4†). The removal rate of NO3− significantly increased in response to the loading rate of NO3− (n =
38 p = 0.009696). This trend is possibly an artifact of lower
NH4+ loading rate at those points.
While it was possible to derive some inferences from the
single-variate regression analysis above, this type of approach
presented two problems, the first being that noise within the
data results in poor fitting regression results, even when the
relationships are statistically significant. The second and
more significant problem was that single-variate regression
does not account for, and could mask, interactions between
predicting variables if they are not independent, (e.g. nitrification in this study). Rather, information from both predictor
variables was concurrently considered when describing systems with multiple dependent variables such as nitrogen cycling kinetics. Quantitative analysis using two predictor variables through 2-dimensional regression requires careful
model building and development, typically building off empirical or theoretical models. The authors are unaware of
quantitative models that integrate both NH4+ and NO3− loading information to simultaneously describe microbial N uptake and transformational processes such as nitrification and
denitrification and so have started to describe this system by
graphically portraying specific removal rates with respect to
the loading rates.
Contour maps and 3-D plots over the full range of NH4+
and NO3− specific loading rates were generated in order to visualize the relationship of how these two predictors affected
removal rates and N dynamics within the system (Fig. 2).
These graphical techniques enable the interpretation of a response variable over a 2-dimensional sample space (Fig. 3).
From these plots, specific removal of total N species is locally
maximal at two points, the first is located where NH4+ load-
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ing is of intermediate values and NO3− loading is low (approximately 0.1 : 0.75 NO3− : NH4+), and the second where NH4+
loading is low and NO3− loading is high (approximately 1.5 :
0.5 NO3− : NH4+) (Fig. 2A and B). NH4+ removal was observed
over the entire range of specific loadings with the highest removal occurring at one of the two maximal points
(Fig. 2C and D). NO3− removal was observed to be generally
negative, indicating NO3− was accumulating within the system (Fig. 2E and F). The exception is at the highest NO3− :
NH4+ loading ratios where a sharp peak is located and positive removal occurs (Fig. 2E and F). This peak coincides with
the highest total N removal rates observed in Fig. 2A and B.
The presence of two maximal points for total N removal in
conjunction with those points coinciding with the maximal
removal rates of NH4+ and NO3− indicate that not only is total
N loading important but the ratio or distribution of nitrogen
species also has an impact on total N removal. Increasing
NH4+ loading rates generally results in greater accumulation
of NO3− within the reactor, corroborating the conjecture that
the activity of AOB and NOB increases in response to
increasing NH4+ loading from the single-variate analysis.
Contour maps and 3-dimensional plots portraying percent
removal (%) of total N, NH4+, and NO3− were generated to
provide more information about how specific loading rates
affected the effectiveness of N removal in the system (Fig. 4).
Several data points had a specific NO3− loading rate of zero
(i.e., reactor influent contained zero NO3−N). Given that NO3−
is being created in this system, percent removal, positive or
negative, cannot be calculated for those points and they were
removed from the dataset leading to a slight reduction in the
domain used for generating the contour maps and plots
(compare Fig. S5† with Fig. 3). The average percent total N removal was 35.5% (range −12.8% to 78.2%). The average
percent NH4+–N removal was 68.7% (range −6.4% to 100.0%).
The average percent NO3−N removal was −27.7% (range
−141.0% to 35.4%). Maximum total N removal occurred at
low NO3− : NH4+ ratios (Fig. 4A and B). Over 80% of NH4+ was
removed in this region (Fig. 4C and D). As with the removal
rates of NO3−, percent removal of NO3− was determined to be
maximal at the highest NO3− : NH4+ loading ratios and appears to decrease as NO3− loading decreases and NH4+ loading increases (Fig. 4E and F).

Metagenomics and qPCR results

Fig. 3 The domain of specific loading rates used for the generation of
Fig. 2. Points displayed in red represent points where biomass was
collected for metagenomic and qPCR analysis; the influent condition
set is designated by the number next to the point. The point for
Condition 3 (point in blue) excluded from the kinetic analysis. The
biological samples for Condition 3 was, however, still subjected to
metagenomic and qPCR analysis.
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Metagenomic analysis was carried out on Conditions 3 and 5
(C3 and C5, respectively) in an attempt to characterize the
microbial community and its functional capabilities. Although C3 did not pass the data validation steps for the kinetic analysis due to a gap in collection of biomass samples
during this condition, we estimated its biomass via linearly
interpolating between the nearest neighboring biomass observations, which ultimately led to an estimation of the specific loading rates for C3 (Fig. 3). Specifically, C3 was estimated to have a specific loading of 0.43 mg N h−1 g SS− for
NO3− and 1.17 mg N h−1 g SS− for NH4+ (i.e., 0.43 : 1.17 NO3− :
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Fig. 4 3-D visualization of percent removal of N species vs. N species loading rates. Contour maps and 3-D plots portraying the percent removal
(%) of total N (A, B), NH4+ (C, D), and NO3− (E, F) in relation to the specific loading rates of NH4+ and NO3− (mg N h−1 g SS−1). The domain of the 3-d
plots (A, C, E) is identical to that of the contour maps (B, D, F). The color scheme and contour lines are consistent within N species plots, but not
between plots of different N species (i.e., paired panels (A and B, C and D, E and F) share a color gradient).

NH4+), while C5 had a specific loading of 1.35 mg N h−1 g SS−
for NO3− and 0.48 mg N h−1 g SS− for NH4+ (i.e., 1.35 : 0.48
NO3− : NH4+) (Fig. 3, Table S1†).
Taxonomic annotations, in terms of relative abundance,
for phototrophic bacteria, algae, and nitrifying bacteria for
C3 and C5 were obtained from the MG-RAST server (Table
S6†) which utilizes multiple databases to annotate both ribosomal and proteins.67 Alpha diversity estimates obtained
through these annotations ranged from 350 to 395 distinct
taxa, indicating that the communities display a surprising

This journal is © The Royal Society of Chemistry 2016

amount of diversity. The vast majority of annotated reads in
MG-RAST were attributed to bacteria (96.7% for both metagenomes). This may be the result of bias towards bacterial sequences, which overwhelmingly populate existing genome repositories that MG-RAST utilizes. AOB and NOB comprise a
small, but substantial portion of the bacterial population
with a total of 3.93% and 4.64% of total annotations being attributed to nitrifying bacteria (Table S6†), strongly supporting
conclusions drawn from the reactor kinetics regarding the
presence and activity of these organisms. NOB belonging to
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the genus Nitrospina received no annotations, but all other
geneses of nitrifying bacteria were found to be present. The
genera of Chlamydomonas and Parachlorella were two of the
top eukaryotic organisms to be annotated. Organisms belonging to both of these groups fall morphologically within the
LRGT classification observed via microscopy. Cyanobacteria
belonging to the genus Leptolyngbya were identified in a
small portion of reads (Table S6†); the low abundance of
Leptolyngbya sp. annotations could likely be the result of
source reads being misannotated to other bacterial species.
In order to confirm that C. reinhardtii and P. kessleri were
the dominant algae and to discover which cyanobacteria was
dominant for C3 and C5, shotgun metagenomics Illumina sequencing reads were mapped onto all available complete,
plastid genomes of algae and cyanobacteria, respectively.
Using this approach, histograms of reads mapped to each genome by Bowtie2 were found to be highly right-skewed (Fig.
S6†), with only a handful of genomes receiving any appreciable quantity of reads. A threshold of 5000 reads for algae and
400 for cyanobacteria, was arbitrarily selected and used to
identify the genomes that represent the dominant algae and
bacteria in the samples. Sample C3 had five algal genomes
and one cyanobacterial genome that exceeded the threshold
value while sample C5 contained 2 algae genomes and one
cyanobacterial genome. Refer to Table S7† for the accession
numbers of these organisms. Using percent of reads as a
rough metric for relative abundance, C. reinhardtii and P.
kessleri are the dominant algal species in the samples. Similarly, Leptolyngbya strain O-77 was identified as the most
dominant cyanobacteria present in the sample. The relative
abundance of algae obtained from MG-RAST indicate that C.
reinhardtii is roughly 3 times more abundant than P. kessleri
in C3 and this relationship inverts in C5 with P. kessleri
outnumbering C. reinhardtii almost 3 to 1 (Table S6†). This
trend is mirrored in the percent mapped reads results, with
C3 having twice the abundance of C. reinhardtii in comparison with P. kessleri and C5 having zero reads annotated to C.
reinhardtii (Table S7†). C. reinhardtii is capable of utilizing
both NH4+ and NO3− as N sources.89,90 Similarly, P. kessleri
can use NH4+,91 NO3−,92 and urea93 as nitrogen sources.
After identifying the dominant algal species in the HDBR
in C3 and C5, qPCR was used to absolutely quantify the
abundance of total bacteria and the microalgae species C.

reinhardtii and P. kessleri across the other conditions
(Table 1). Estimates of total bacteria were generally consistent
across the conditions with the exception of Condition 9 (C9),
which had less than half of the total bacteria present in C5,
the second lowest bacterial count condition. C. reinhardtii
was found to be less abundant than P. kessleri for all conditions and the abundance of both species decreased between
C3 and C5, with C. reinhardtii having the more dramatic reduction in population (Table 1). The distribution between
microalgae species within C3 appears to be highly deviant
from the other 5 conditions with C. reinhardtii representing
almost 30% of the algae population where, in other conditions, its abundance ranged between 1.8% and 8.1%. While
the switch in algal species relative abundance between C3
and C5 observed from the metagenomics is not supported by
the qPCR results, it does indicate that C. reinhardtii was
much more abundant during C3 than the other tested
conditions.
qPCR was also applied to investigate the distribution and
relative abundance of nitrogen-altering bacteria to better
grasp the variation in N species transformation and removal
rates over the study's sample space (Fig. 5, Table S8†). The
majority of N-transforming organisms and genes are covered
by an array of primers assembled by Geets et al.45 C5 was selected as the baseline to compare the relative abundance of
N-centric organisms and genes because it represented an extreme or boundary point in the 2-dimensional sampling domain, occurs at the maximal point of N removal, and was
one of the conditions subjected to metagenomic analysis.
Overall, a high degree of variation between conditions was
observed in the relative abundance of total bacteria, algae
species, and the N-centric genes that were tested (Fig. 5,
Tables 1 and S8†). For all influent conditions, the relative
abundance of nirK was not statistically distinct from C5
(Table S8†), most likely due to the variation in the CT values
obtained during qPCR, although similar variability was observed for all samples (Table S8†). The relative abundance of
nxrB in the sample for C3 was not significantly different from
that in C5 ( p = 0.497, Table S8†). The relative abundance of
NSR within Condition 8 (C8) was determined to not be significantly different from C5 ( p = 0.0564, Table S8†). All other
combinations of conditions and target loci were found to be
significantly different from C5.

Table 1 Absolute abundance of bacteria and algae (copy number mL−1)

Influent condition
Organism/target

Primer pair

Total bacteria
16S
16S rDNA
C. reinhardtii
rbcL_cr
rbcL
P. kessleri
rbcl_pk
rbcL
Percent C. reinhardtii [%]
Percent P. kessleri rbcL [%]
C. reinhardtii : P. kessleri [ratio]

Environ. Sci.: Water Res. Technol.

Statistic

2

3

Avg
SE
Avg
SE
Avg
SE

7.95 × 10
1.02 × 109
4.76 × 109
1.82 × 108
5.72 × 1010
2.05 × 109
8.1%
91.9%
0.083
10

4

9.20 × 10
3.72 × 109
1.78 × 1010
1.02 × 109
4.89 × 1010
2.39 × 109
29.9%
70.1%
0.364
10

5

8.60 × 10
2.41 × 109
1.33 × 109
3.94 × 107
3.29 × 1010
1.20 × 109
3.2%
96.8%
0.040
10

8

6.63 × 10
1.01 × 109
1.11 × 109
7.94 × 106
3.26 × 1010
4.39 × 108
1.8%
98.2%
0.034
10

9

1.14 × 10
2.08 × 109
6.04 × 108
2.55 × 107
5.05 × 1010
6.68 × 108
3.7%
96.3%
0.012
11

3.06 × 1010
4.86 × 108
2.65 × 109
7.97 × 107
4.35 × 1010
1.43 × 109
5.3%
94.7%
0.061
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Fig. 5 Barplot illustrating the relative abundance of N-centric genes
from qPCR analysis. Condition 5 (green bars) was used as the baseline
for relative abundance quantification. Error bars represent the standard
error of measurements. A summary of the data is provided in tabular
format in Table S8.†

Linking kinetics with qPCR quantification of algae and
N-centric bacteria
Other studies have demonstrated that a strong relationship
exists between bacterial community structure and the function of anaerobic bioreactors94 and have utilized meta-omics
data from a groundwater bioremediation process to show
how environmental perturbations play a role in deterministic
and stochastic changes in microbial communities.95 In this
study, the availability of kinetic data of N removal and information on the microbial community structure and abundance of algae an N-centric bacteria provided an opportunity
to link changes in environmental conditions due to alteration
of operational parameters of the HDBR to changes in microbial community structure and activity to, finally, the performance of the HDBR. An analysis of the topography of specific
total N removal rate on the 3D plots revealed three distinct
regions of N removal (Fig. 2). The first (region 1) occurs at
moderate NO3− : NH4+ loading ratios (0.1 : 0.75 NO3− : NH4+),
specific total N removal is above 0.4 mg N h−1 g SS−1, specific
removal of NH4+ is above 0.6 mg N h−1 g SS−1, and specific removal of NO3− ranges from −0.2 to −0.1 mg N h−1 g SS−1. The
second optimal specific loading region (region 2) occurs
when the specific loading ratio of NO3− : NH4+ is high (1.5 : 0.5
NO3− : NH4+). The third region of interest (region 3) is the
zone of moderate total N removal (0.2 to 0.4 mg N h−1 g SS−1)
and very low NO3− removal that occurred during C8 and appears to extend towards the region of maximum NH4+ and
minimum NO3− loading.
Within region 1 (Condition 9, C9), the large specific removal of NH4+ demonstrates that nitrifying bacteria are able
to convert a large portion of NH4+ to NO3−. The lower rate of
NO3− accumulation, as compared to NH4+ removal (presumed
to be mainly due to nitrification), indicates that the algae
and other organisms present are capable of utilizing NO3−, ei-
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ther from the influent or produced via nitrification, as a nitrogen source for integrating N into biomass. Although NO3−
accumulates at this moderate loading condition, NH4+ removal is high enough to achieve positive total N removal in
the system.
Within region 2 (C5), specific removal of total N is above
0.6 mg N h−1 g SS−1, specific removal of NH4+ is within the
range of 0.2–0.4 mg N h−1 g SS−1, and specific removal of
NO3− is above 0.4 mg N h−1 g SS−1. The higher total N removal
in region 2, where NO3− dominates the influent, as compared
to the moderate loading condition, is due to the higher rates
of NO3− removal. As bimolecular oxygen, O2, provided
through both aeration in the HDBR's mixing vessel and from
photosynthetic reactions, would inhibit denitrification reactions, positive NO3− specific removal in the reactor is hypothesized to be due to higher rates of NO3− assimilation by the
photosynthetic community in this region. If it were assumed
that the majority of NH4+ loss in both regions is due to nitrification, then in region 1 the loading of NO3− into the system
due to nitrification and the influent would be 0.7 mg N h−1 g
SS−1 (0.6 mg N h−1 g SS−1 from nitrification and 0.1 mg N h−1
g SS−1 from the influent). According to the rates of total N removal and accumulation of NO3− in region 1, the specific rate
of NO3− assimilation by the photosynthetic community would
be 0.5–0.6 mg N h−1 g SS−1. By making the same assumption
for region 2, the rate of NO3− assimilation would be as high
as 2.3 mg N h−1 g SS−1 – a nearly 4-fold increase in the rate of
NO3− assimilation by the photosynthetic microbial community as compared to region 1. While the reasons for this large
increase need to be investigated further, these higher assimilation rates could be attributed to the nature by which nitrogen assimilation pathways in the algae present are regulated.
The levels of NH4+ are relatively low to NO3− concentrations
in region 2 as compared to region 1, suggesting that the
higher concentrations or ratios of NH4+ in region 1 could be
inhibiting the rate of NO3− assimilation by the photosynthetic
community.
In comparison with C5 (region 2), C9 (region 1) was found
to have less nitrifying bacteria (in 4 of 5 cases), despite having a NH4+ loading roughly twice as large in magnitude; C9
also had more denitrifying bacteria (in 3 of 4 cases). The low
abundance of nitrifiers and high abundance of denitrifiers
could have been caused by a loss in biomass resulting from a
change in influent conditions. In moving from influent Condition 8 to Condition 9, the specific loading rate of NO3− was
lowered significantly, while NH4+ was only slightly increased
(Fig. 3, Table S1†); the specific loading of total nitrogen was
decreased approximately 75%. Over the course of 23 days,
biomass within the reactor was observed to drop almost 60%,
from 1.52 to 0.90 g total biomass. A significant increase in
the suspended solid content of the effluent was observed,
from an average of 0.10 g SS L−1 in C8 to an average of 0.25 g
SS L−1 in C9 (determined via unpaired two-tailed t-test, p =
3.68 × 10−4). The increase in effluent suspended solids, the
decrease in biomass, and the lowest absolute abundance of
total bacteria (Table 1) indicate that cell death was occurring
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within the reactor during C9. The lysis of dead cells likely
resulted in the release of ammonia, organic nitrogen, organic
carbon, and other soluble microbial components, which, in
effect, increases the NH4+ loading within the reactor (external
to the reactor influent). Nitrifying bacteria consequently, may
be depleting the dissolved oxygen (DO) content within the reactor fluid faster than its being replenished by photosynthetic action or from aeration within the mixing vessel. A
combination of the readily available organic carbon and
suppressed DO concentrations would select for heterotrophic
microbes who are capable of carrying out denitrification
resulting in the elevated denitrifiers abundance that we observe. In carbon-limiting conditions C. reinhardtii is capable
of utilizing cellulose as a carbon source, while P. kessleri is
not.96 The ability of C. reinhardtii to scavenge cellulose from
its environment may partly explain why the abundance of C.
reinhardtii was high in C9 when total bacteria abundance fell
an order of magnitude and the abundance of P. kessleri decreased by 14% (Table 1).
Another interesting finding from the qPCR analysis
(Fig. 5) is the fact that Condition 4 (C4) had a higher abundance of all 9 N-centric genes when compared to C5 even
though they had similar specific loading rates of NH4+
(Fig. 3). The higher abundance of nitrifying organisms
(primers CTO, amoA, FGPS, NxrB, and NSR) in C4 indicate
that NO3− removal should be lower in this condition, which
the kinetics results confirm: NO3− removal of C4 was in the
range of −0.2 to −0.1 while C5 was in the range of 0.4 to 0.5
(Fig. 2E). Furthermore, the specific removal rate of NH4+ was
comparable between C4 and C5 (Fig. 2C). Assuming that the
rate of denitrification between C4 and C5, was roughly equal,
the surplus of total N removal in C5 (Fig. 2A) illustrates that
NO3− is being integrated into cellular material at a much
higher rate in C5. This trend becomes even more dramatic
when we take the higher abundance of denitrifying genes
(nirK, nirS, nor, and nosZ) in C4 into account.
Within region 3 (C8), moderate loading of NH4+ and NO3−
was hypothesized to provide an abundance of substrate for
nitrifying bacteria but lacks a surplus of NO3− for uptake by
algae, limiting total N removal. This region, and its extension
towards the region of highest specific total N removal rate, is
roughly parallel to a specific total N loading rate of approximately 1.4 mg h−1 g SS−1. In comparison with C5, the higher
abundance of NOB (relative abundance FGPS = 2.23, NxrB =
1.66, NSR = 1.17, Table S8†) and nitrate-reductase possessing
organisms (relative abundance nirK = 1.70, nirS = 1.41, Table
S8†) in C8 accounts for the high accumulation of NO3− in this
region (Fig. 2E). When these two groups of organisms are
highly abundant and active, N is cycled quickly between NO2−
and NO3− to support the electron transport chain of both
groups without being integrated into cellular mass or full reduction to N2. The activity of AOB will still carry out ammonia oxidation (Fig. 2C and 3C) and thus the pool of available
NOx− species will experience accumulation. The combined actions of AOB, NOB, and nitrate-reducers result in a region of the
highest nitrification and least total N removal (Fig. 2A and 4A).
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Conclusion
This study entailed the characterization of reactor kinetics
and microbial population in response to different N loading
conditions. On average, 35.5% of total nitrogen was removed
from the reactor influent, but the total removal and removal
rates of NH4+, and NO3− varies significantly over the sampled
loading conditions. The connected nature between reduced
and oxidized N species means that single-variate regression,
while straightforward to apply, obscures experimental signal
and ignores the covariation and feedback that may be present
within the system. Additionally, the presence of many possible transformational paths convolutes the interpretation of
kinetic data. In the absence of empirical or theoretical
models, 3-D visualization improved our ability to interpret
the kinetics of the complex biological system involved in N
metabolism in photosynthetic HDBR, especially with added
information of the microbial community through molecular
methods.
The inclusion of methods from the molecular ecology toolbox including metagenomic sequencing and analysis and
real-time PCR enabled the identification and enumeration of
the major players in N transformation and uptake within the
microbial community. AOB and NOB were found to comprise
a significant portion of the microbial population that
changes in response to NH4+ and NO3− loading. C. reinhardtii,
P. kessleri, and Leptolyngbya sp. were identified as the major
photosynthetic organisms, and, as with AOB and NOB, their
population was observed to be dynamic and responsive to reactor conditions. These results, all together, demonstrate that
the performance of bioreactors relies not only on understanding the metabolic functions and capabilities of the organisms
within the reactor, but also microbial community interactions and how the community changes in response to reactor
conditions. Further, advancements in meta-omics methods,
such as metagenomics and metatranscriptomics, to the study
of bioreactors will be important to investigating microbial
ecological interactions that play a role in the performance of
engineered and natural biological processes.97–99
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