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H I G H L I G H T S

• Symbiotic growth benefits observed
between algae and activated sludge
microbes.

• Algae supported nitrifying bacteria
which otherwise died out in digestate.

• Algae supported phosphate accumu-
lating bacteria population in digestate.

• Algae promoted organics removal
from anaerobic digestate by hetero-
trophs.
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A B S T R A C T

The objective of this study was to investigate the impact that algae have on bacterial treatment of poultry litter
slurry anaerobic digestate. We hypothesized that algae could provide benefits to heterotrophic and nitrifying
organisms, due in part to provision of dissolved oxygen. No other studies, to our knowledge, have shown that
algae provide benefits to nitrifying bacteria in the treatment of anaerobic digestates. Batch cultures of the native
digestate community were grown alone or with the addition of activated sludge microorganisms and/or the
green algae, Chlorella sorokiniana. Water quality measurements, 16S rRNA sequencing, and quantitative PCR
were utilized to elucidate the impacts of algae on bacterial populations involved in organics removal and nu-
trient cycling. The presence of activated sludge promoted algal growth by 29%, nitrogen uptake by 53%, and
phosphate removal by 21%. In turn, the presence of algae promoted a 57% increase in organics removal by
heterotrophic bacteria. Algae also promoted full oxidation of ammonium to nitrate by nitrifying bacteria
whereas incomplete nitrification was observed in the absence of algae. This result was likely driven by algal
support of the commamox bacteria, Nitrospira, which otherwise died off in the anaerobic digestate. We also show
here, for the first time, that C. sorokiniana sustained the relative abundance of the phosphate-accumulating
bacteria, Candidatus Accumulibacter, whereas this organism declined in relative abundance by 94% when algae
were absent (p < 0.001). These results suggest that C. sorokiniana supports particular heterotrophs, nitrifiers,
and phosphate-accumulating bacteria, thereby improving treatment of poultry litter anaerobic digestate.

1. Introduction

Treatment of manure anaerobic digestates is challenging because of

their high concentrations of organic and ionic nutrient content. Many of
the biological processes that are effectively used in municipal waste-
water treatment are often less effective on higher strength wastewaters
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such as anaerobic digestates, due in part to their toxicity toward a wide
range of organisms [1,2]. This is particularly true of taxa involved in
nitrification [3,4]. In past research, addition of a nitrifying community
to full-strength anaerobic digestates of municipal wastewater sludge
and food waste resulted in no nitrification unless the digestates were
diluted 10-fold [5].

Nitrification is a critical biological process that converts ammonium
to nitrite and then to nitrate [6]. Even at very low concentrations (< 2
ppm), ammonium and nitrite are toxic to aquatic life whereas nitrate is
more innocuous [7,8]. In fact, many large wastewater generators,
particularly food processors, are required to emit nitrogen in the form
of nitrate. Nitrate is also a reactant in biological denitrification [9] and
is the preferred form of nitrogen for wastewater re-use in hydroponic
food production systems (e.g. aquaponics) [10]. Therefore, develop-
ment of strategies to overcome inhibition and improve nitrification
rates in high-strength anaerobic digestates would be beneficial to a
variety of wastewater generators.

Despite the near sole reliance on bacterial processes for biological
wastewater treatment, in nature, bacteria and algae typically work in
tandem to transform and recycle nutrients. There is a large body of
evidence in the aquatic and marine ecology literature demonstrating
symbiotic interactions between algae and bacteria with profound im-
pacts on global nutrient cycling [11]. More recently, evidence has
emerged that symbiotic relationships between algae and bacteria can be
leveraged for improved treatment of wastewater including anaerobic
digestates [5,12,13]. In our past work, we have observed that algae can
promote bacterial degradation of organic constituents in winery was-
tewater [14]. One of the key mechanisms of symbiosis is algal provision
of a hyper-oxic environment due to photosynthetic oxygenation [15].
Photosynthetic oxygenation may also provide benefits to nitrifying
bacteria, given their high oxygen demand [16]. However, the literature,
mostly from the ecology field, suggests that algae often have negative
impacts on nitrifying organisms [17,18]. It appears that nutrient com-
petition is a major cause of this negative interaction. That said, there
are a number of ecological studies suggesting that algae can promote
nitrification through provision of dissolved oxygen when ammonium is
not limiting [19,20]. Whether such benefits can be leveraged in the
treatment of a manure-based anaerobic digestate is not well under-
stood.

The objective of this study was to investigate the impact that algae
have on bacterial treatment of anaerobic digestate of poultry litter
slurry. We hypothesized that algae can provide benefits to hetero-
trophic organisms in the degradation of residual organic matter in the
digestate. We also hypothesized that algae would benefit nitrification in
this waste stream because it is rich in nutrients, thereby minimizing the
potential negative impacts of algal-bacterial competition. No other
studies, to our knowledge, have shown that algae provide benefits to
nitrifying bacteria in the treatment of anaerobic digestates.

2. Materials and methods

2.1. Poultry litter slurry anaerobic digestate

The poultry litter slurry anaerobic digestate used in this study has
been described previously including methods of preparation and com-
position data [21]. Briefly, this digestate was prepared in a one-month
batch fermentation and filtered through an 8 μm filter (Whatman No. 2
filter paper) to remove large particulate solids and improve digestate
clarity. This filter pore size was too large to remove individual bacteria
from the anaerobic digestate. The digestate was diluted 4-fold with
dH2O resulting in the following composition: 249 ± 6.5 mg/L soluble
chemical oxygen demand (COD), 245 ± 21 mg/L ammonium,
120 ± 2.9 mg/L phosphate, and no detectable nitrite or nitrate. This
dilution was carried out to improve growth of algae on the digestate as
previously noted [21].

2.2. Experimental approach

Treatment of poultry litter slurry anaerobic digestate was carried
out in aerobic batch cultures using the following sets of microorgan-
isms: native digestate microorganisms acting alone (AD), native diges-
tate microorganisms with algae (AD-algae), native digestate micro-
organisms amended with activated sludge (AD-AS), and native
digestate microorganisms amended with both activated sludge and
algae (AD-AS-algae). This experimental design elucidated the impacts
of algae and a consortium of aerobic microorganisms (activated sludge)
on the treatment of digestate. Activated sludge was included in this
study because of observed poor organics removal and no detectable
nitrification in past studies using the native digester consortium [21].
Activated sludge was obtained from an aeration basin used for sec-
ondary wastewater treatment at the South Columbus Water Resources
Facility in Columbus, GA. Chlorella sorokiniana (UTEX 2805), a model
green algae that was originally isolated from a wastewater treatment
plant [22], was used in cultures containing algae. We have shown that
this is a hypereutrophic algae capable of growing well on ammonium
concentrations up to 3,500 mg/L and it is also well-adapted to growth
on anaerobic digestates [5]. All treatments were tested in biological
triplicate. Of particular interest were the impacts on removal of organic
matter (as measured by COD), phosphorus removal, and nitrification.
To understand changes in the microbial communities, targeted loci
sequencing of the 16S rRNA gene was used to identify relative abun-
dance of bacteria, with a particular focus on those involved in ni-
trification. Sequencing was followed by qPCR assays of specific genes
involved in nitrification. The details of these methods are described in
subsequent sections.

2.3. Bacterial and algal culture conditions

Stock liquid cultures of C. sorokiniana were prepared in 1 L bottles
filled with 800 ml of autoclaved N8 medium [23]. These cultures were
inoculated with individual algal colonies grown on Bold 3N agar
medium to ensure axenic cultures. Sterile technique, including use of a
Class II biosafety cabinet, was used for all culture handling. Stock algae
were grown until an optical density (550 nm) of 0.2 was reached.
Optical density measurements at 550 nm are appropriate because they
are not biased by changes in algal chlorophyll content [24]. Cultures
were illuminated with 140 mmol m−2 s−1 PAR using fluorescent T5
growth lamps operating on a 14:10 light/dark cycle. Cultures were
aerated with 0.5 vvm air with 2% CO2 supplementation and mixed by
stir bar as previously described [24]. Stock cultures were settled on the
bench overnight to concentrate the biomass. Settled algae was further
dewatered by centrifugation at 3000 × g and the resulting slurry was
used to inoculate the experimental photobioreactor system.

Batch cultures of algae and bacteria consortia were cultured in
bubble column bioreactors that have been described in detail pre-
viously [24]. Briefly, 300 ml column bioreactors were filled with
200 ml of digestate. The aeration (0.5 vvm with 2% CO2), mixing, and
illumination conditions were the same as the stock cultures. At this
aeration rate, the dissolved oxygen lumped mass transfer coefficient
(kLa) for these reactors was measured using the gassing-out method
(1.8 × 10-3 s−1) and was found to be comparable to that of typical
activated sludge processes (0.9–2.4 × 10-3 s−1) as measured by Fayolle
et al. [25].

Algae and/ or activated sludge were added to the reactors according
to the experimental design. The inoculation concentration of activated
sludge was roughly 50 mg/L and that of algae was approximately
80 mg/L on a dry-weight basis. Low initial concentrations were used to
ensure adequate light penetration and to allow for measurement of
culture growth over time. Batch cultures were grown for 120 h at 25 °C
and samples were taken daily for measurement of optical density at
550 nm, pH, and water quality analyses. Water samples were cen-
trifuged at 12,000 × g and filtered through 0.2 μm (Foxx 13 mm Nylon
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membrane) syringe filters to remove cells and other solids prior to
conducting water quality analyses.

pH declined over the course of batch culture from 7.1 to 7.4 down to
6.5–6.8 depending on the treatment. However, no pH adjustments were
made. Final biomass was harvested by centrifugation and freeze dried
as previously described [24]. This final biomass was weighed and used
to establish relationships between optical density and dry weight bio-
mass concentrations for each experimental treatment [24]. This freeze-
dried material was later used for DNA extraction and biomass compo-
sition analysis. Samples of the initial anaerobic digester solids and ac-
tivated sludge solids were also collected and freeze dried for DNA ex-
traction. These latter extracts were termed AD-inoculum and AS-
inoculum.

2.4. Measurement of dissolved nutrient ions

Cation and anion chromatography were used to measure soluble
ions including sodium, potassium, ammonium, magnesium, calcium,
chloride, nitrite, nitrate, phosphate, and sulfate. The method has pre-
viously been described in detail [26]. Briefly, Dionex cation (CS12) and
anion (AS22) columns were used in conjunction with CERS500 and
AERS500 suppressor units, respectively.

2.5. Measurement of chemical oxygen demand

Soluble COD was measured in the filtered water samples using the
HACH high-range assay kit according to the manufacturer’s instruc-
tions. A DR900 was used to measure COD concentrations. A standard of
0.5 g/L glucose was used to confirm method accuracy and resulted in a
reading of 538 mg/L COD.

2.6. Measurement of nitrogen and starch content in biomass

Freeze-dried biomass was used to measure the total nitrogen and
starch content of the biomass. This information allows for under-
standing of nitrogen assimilation into biomass, a value that is impacted
by high levels of starch accumulation in C. sorokiniana [21]. Insufficient
biomass was obtained for total nitrogen analysis in the bioreactors
containing only AD microorganisms. Total nitrogen content of biomass
was determined using a HACH total nitrogen assay kit as previously
described [27]. Briefly, freeze-dried biomass was resuspended in dH2O
to achieve a concentration of 1 mg/ml followed by bead homogeniza-
tion in a beadruptor (OMNI). This homogenate underwent total ni-
trogen analysis according to the manufacturer’s instructions. Nitrogen
assimilation into biomass was determined using the following equation:

=Nassimilation C N C Nbiomass f biomass f biomass i biomass i, , , , (1)

Cbiomass,f and Cbiomass,i are the final and initial biomass concentration
respectively. Nbiomass,f and Nbiomass,i are the final and initial nitrogen
content of the biomass, respectively.

Only cultures with algae underwent starch analysis using a pre-
viously-described method [28]. Briefly, freeze-dried biomass was ex-
tracted of lipids and pigments using a modified Folch method and the
cell pellet was washed with water and acetone to remove residual lipids
and soluble materials. The pellet was then gelatinized and digested with
the starch-specific enzymes, amylase and amyloglucosidase, and re-
leased glucose was measured using the dinitrosalicylic acid assay.

2.7. DNA extraction and qPCR

Known quantities of freeze-dried biomass from each of the experi-
mental bioreactors were used for DNA extraction using the FastDNA
Spin Kit (MP Biomedicals). The bacterial lysis buffer was used ac-
cording to the manufacturer’s instructions. A subset of this DNA was
used for multiple rounds of qPCR using primers that target general
bacteria as well as specific classes of nitrifying organisms. In all cases, a

PCR reaction volume of 20 μl was used with 2 μl of template DNA that
was previously diluted 10-fold in molecular-grade dH2O. The PerfeCTa
SYBR Green FastMix (QuantaBio) was used with primer concentrations
of 0.5 μM. qPCR was carried out on a qTower3 instrument (Analytic
Jena) with the filter set for SYBR detection.

The general bacteria primers were used to quantify the total abun-
dance of bacteria in the mixed cultures with algae. The method for
doing this has been described previously [14,21,28]. Briefly, DNA was
amplified using the 16Sv5F799mod3 and 16Sv5R926 primers which
bind to conserved regions of the 16S rRNA gene but generally exclude
chloroplasts [14,29]. Specific thermocycling conditions have been de-
scribed previously [21]. DNA extracted from AD-only cultures was se-
rially diluted 10-fold and used as a standard for the mixed AD-algae
cultures. DNA extracted from the AD-AS cultures was likewise serially
diluted 10-fold and used as a standard for the AD-AS-algae cultures. The
threshold cycle for each of the standard dilutions was then correlated to
the amount of AD or AD-AS biomass from which the original DNA was
extracted. This standard curve was then used to quantify the amount of
bacteria in the mixed bacteria-algae cultures.

A different approach to quantification was used for nitrification
genes because, in this case, the goal was quantification of gene copy
number (rather than biomass) per unit of culture volume. Four primer
sets were used to quantify two versions of the ammonia monooxygenase
gene and two versions of the nitrite oxido-reductase genes as described
by Ramanathan et al. [30]. Briefly, the ammonia monooxygenase gene
found in bacteria was amplified using the amoA-1F and amoA-2R pri-
mers using the thermocycling method of Rotthauwe et al. [31]. The
ammonia monooxygenase gene found in archaea was amplified using
the primers described by Francis et al. [32]. Thermocycling (35 cycles)
was carried out as follows: 15 s at 95 °C, 15 s at 55 °C, and 60 s at 72 °C.
The nxrB169f and nxrB638r primers were used to amplify the nitrite
oxido-reductase gene found in Nitrospira as described by Pester et al.
[33]. Thermocycling (35 cycles) was carried out as follows: 15 s at
95 °C, 15 s at 53 °C, and 45 s at 72 °C. The nxrB-1F and nxrB-1R primers,
as described by Vanparys et al. [34], were used to amplify the nitrite
oxido-reductase genes of Nitrobacter. Thermocycling (35 cycles) was
carried out as follows: 15 s at 95 °C, 15 s at 57 °C, and 45 s at 72 °C.

For these analyses, gene copy number in each DNA extract was
calculated using dilutions of a previously-amplified product as the
standard. The previously-amplified product was first cleaned-up using
the QIAquick PCR Purification Kit (Qiagen) per the manufacturer’s in-
structions. The cleaned product was quantified using A260 and A280
absorbance measurements on a Tecan Infinite M1000 Pro equipped
with a NanoQuant plate and converted to molarity and then copy
number based on the amplicon molecular weight. Standards were di-
luted in a 10-fold serial dilution to create a standard curve for quanti-
fication of gene copy number in the unknown samples as well as to
calculate PCR efficiency. In all cases, PCR efficiency fell between
100.6% and 102.6%. The calculated gene copy number in each DNA
extract was then converted to copy number per mg of biomass and then
to copy number per ml of culture volume in the original reactor based
on the biomass concentration in the reactor.

2.8. Sequencing and microbial community analysis

DNA extracts from each biological replicate were submitted to a
sequencing center for targeted loci sequencing of the V4 hypervariable
region of the 16S rRNA gene. Paired-end sequencing (300 bp) was
carried out on an Illumina MiSeq platform. The resulting FASTQ files
were demultiplexed and trimmed in QIIME software (v. 1.9.1) and
chimeric sequences were removed using Usearch v. 6.1. Additional
chimeric sequences were identified by GenBank’s “uchime” algorithm
and these were also removed. Operational taxonomic units (OTUs) were
determined using open-reference OTU picking against the Greengenes
database (v. 13.5) at 97% identity. Singletons and all OTUs matching to
chloroplasts were removed from the dataset. One “unassigned” OTU
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was observed in very high abundance in samples that only contained
algae and a BLAST search of this sequence matched that of C. sor-
okiniana mitochondria with 97% identity. This OTU was also removed
for subsequent analyses. A representative set of sequences was de-
posited at DDBJ/EMBL/GenBank under the accession KDVT00000000.
The version described in this paper is the first version, KDVT01000000.

2.9. Statistical analyses

Averages, standard deviations, and independent-group t-tests were
carried out in Microsoft Excel. ANOVA and Tukey’s HSD multiple
comparison test were carried out in R using the ‘agricolae’ and ‘car’
packages. Homogeneity of variance was tested using the Brown and
Forsythe test and Levene’s test. Violations of the assumption of homo-
geneity of variance were handled using accepted methods of data
transformation [35]. Statistical analysis of the microbial community
was carried out using the ‘vegan’ package in R. The specific analyses
included generation of non-metric multidimensional scaling (NMDS)
plots, calculations of Shannon diversity, richness, and evenness, and
SIMPER analysis using Bray-Curtis dissimilarity.

3. Results

3.1. Synergistic growth effects between algae and bacteria

The presence of algae led to significantly higher total biomass
growth rates than the bacterial communities acting alone (Fig. 1). The
native microorganisms in the anaerobic digestate showed no detectable
growth over the course of the batch culture. Adding activated sludge
microorganisms to the native organisms led to slow but detectable
growth. However, adding algae and activated sludge organisms to-
gether led to the highest average growth rate (323 mg/L/d). This
growth rate significantly exceeded (p = 0.001) that of algae growing
with native digester organisms (249 mg/L/d) and suggests symbiotic
relationships between algae and activated sludge microorganisms.

To better understand the beneficiary of this apparent symbiotic
relationship, quantitative PCR, using generic bacterial primers, was
used to quantify the fraction of bacteria within the mixed culture bio-
mass. From there, a biomass concentration of bacteria versus algae
could be determined. This approach is justified because the vast ma-
jority of activated sludge and anaerobic digester microorganisms are

understood to be bacteria based on the work of others [36,37]. The
results of this analysis showed that the presence of algae may have
provided a slight benefit to native digester organisms, but the magni-
tude of the effect is probably of little practical significance (Table 1). In
contrast, the total concentration of activated sludge bacteria in the
mixed algae culture was lower than that in the culture without algae.
Therefore, it appears that the activated sludge bacteria yielded a growth
benefit to algae as opposed to the other way around. That said, this
result does not preclude algae from providing benefits to particular
subsets of bacteria within the activated sludge community.

3.2. Contaminant removal

Three major soluble contaminants were present in the anaerobic
digestate: ammonium nitrogen, phosphate, and organic constituents as
measured by COD. For all three contaminants, the combination of ac-
tivated sludge and algae yielded the highest removal rates (Fig. 2).
Native digestate microorganisms led to low removal rates for all three
contaminants. Adding algae to these native microorganisms increased
the ammonium and phosphate removal, however, it also led to an in-
crease in soluble COD. This latter effect has been observed in previous
research and can be attributed to the release of organic photosynthate
by algae [14,21]. It is apparent that the native digester microbes were
unable to consume this photosynthate in our study. In contrast, AS
microorganisms were effective at removing additional COD including
algal photosynthate in the mixed cultures. AS microorganisms were also
able to remove a similar amount of ammonium as the algal cultures,
however, their phosphate removal was poor.

3.3. Nitrogen transformations

The native digester community had no apparent capacity for ni-
trification which was expected given its anaerobic origins (Fig. 3).
Green algae also have no known capacity for nitrification. Addition of
AS microorganisms to the reactors resulted in significant ammonium
oxidation and partial nitrite oxidation to nitrate. Addition of algae and
AS microorganisms together resulted in 2.7 times more nitrate pro-
duction compared to AS microorganisms without algae. There was also
no nitrite observed in the mixed algae-AS culture indicating that full
nitrification was occurring.

Not all ammonium nitrogen was removed through nitrification.
Fig. 3C shows the breakdown of ammonium removal via different
mechanisms in the culture conditions. Unaccounted-for losses of am-
monium were also observed in all four experimental conditions and this
was assumed to be the result of ammonia volatilization, in accordance
with Cai et al. [38]. Nitrogen uptake by cells was also an important
removal mechanism in the cultures containing algae. Algae are known
to sequester ammonium in biomass and this effect was apparently en-
hanced in the presence of AS microorganisms. Roughly half of ammo-
nium removal was due to cellular uptake in the algae-AD micro-
organism cultures. When algae and AS microorganisms were combined,
over one thirds of ammonium removal was due to cellular uptake with
another one sixth due to nitrification.

Cellular uptake rates are a function of two factors: culture growth
and nitrogen content of biomass. Growth rates were robust in cultures
containing algae as previously noted, however, nitrogen content of this
algal biomass was low: algae cultured with AD microorganisms yielded
biomass with 1.72% ± 0.11% nitrogen content whereas algae cultures
with AS had 2.22% ± 0.24% nitrogen content. This difference could
not be explained by the nitrogen content of activated sludge micro-
organisms which averaged only 0.79%. As nitrogen content in this
strain is largely driven (inversely) by starch accumulation, we also
measured starch content. The AD-algae cultures had a starch content of
58.7% ± 1.1% whereas the addition of activated sludge induced a
reduction in algal starch accumulation to 47.7% ± 6.2% in the AD-AS-
algae cultures.

Fig. 1. Growth curves of cultures containing native anaerobic digester organ-
isms (AD), activated sludge organisms (AS), and/or C. sorokiniana (algae).
Growth was measured on a dry weight (DW) basis of total suspended solids.
Error bars are standard deviations based on n = 3 biological replicates. Points
with the same letter are not significantly different at the 0.05 level based on
Tukey’s multiple comparison test.
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3.4. Microbial community restructuring

Given that several important wastewater treatment functions are
carried out by bacteria, we probed changes in the microbial community
in response to the four treatment conditions. Cultivation of the digester
community in the aerobic bioreactors over 120 h led to a significant
reduction in the community’s Shannon diversity (p = 0.006, Table S1)
and decreased relative abundance of chloroflexi, cloacimonetes, spir-
ochaetes, and synergistetes (Fig. S1). The activated sludge inoculum
underwent less dramatic transformations after cultivation in aerobic
bioreactors compared to the digester microorganisms (Figs. S1 and
S2A). The activated sludge was dominated by proteobacteria and bac-
teroidetes and these phyla continued to dominate the cultures after
cultivation in bioreactors.

Of particular interest was how the microbial community responded
to the presence of algae. Non-metric multi-dimensional scaling plots
showed clear separation in community structure when algae were
present versus absent (Fig. S2B and C). Algal mitochondria and chlor-
oplasts were removed from the data, so these differences reflect changes
in other community members in response to algae. The presence of
algae had no significant impact on Shannon diversity and evenness in
the native digester community (p > 0.079, Table S1). In contrast,

Table 1
Concentrations of algal and bacterial biomass at the end of culture.

Total biomass (g/L) Bacterial biomass (g/L) Algal biomass (g/L)

Algae1 + AD2 microbes 1.46 (0.05)4 b5 0.03 (0.01) c 1.43 (0.07) b
AD microbes 0.001 (0.001) d 0.001 (0.001) d –
Algae + AD + AS3 microbes 1.91 (0.09) a 0.06 (0.01) b 1.86 (0.09) a
AD + AS microbes 0.15 (0.01) c 0.15 (0.01) a –

1 The algae used was C. sorokiniana.
2 AD indicates the native anerobic digester microbial community.
3 AS indicates the activated sludge microbial community.
4 Values in parentheses are standard deviations based on n = 3 biological replicates
5 Within a column, means with the same letter are not statistically different at the 0.05 level based on Tukey’s multiple comparison test

Fig. 2. Removal of ammonium (N basis), phosphate (P basis), and chemical
oxygen demand (COD) in each culture containing native anaerobic digester
organisms (AD), activated sludge organisms (AS), and/or C. sorokiniana (algae).
Error bars are standard deviations based on n = 3 biological replicates. Within
a contaminant, bars with the same letter are not significantly different at the
0.05 level based on Tukey’s multiple comparison test.

Fig. 3. Nitrate (A) and nitrite (B) production during the treatment of partially diluted poultry litter slurry anaerobic digestate using native microbes (AD), activated
sludge microbes (AS), and C. sorokiniana (algae). (C) Fate of ammonium nitrogen (N basis) under each experimental condition. Error bars are standard deviations
based on n = 3 biological replicates. Points with the same letter are not significantly different at the 0.05 level based on Tukey’s multiple comparison test.
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algae led to a slightly higher Shannon diversity and evenness in cultures
containing activated sludge (p < 0.001). These differences in the AS
community may impact the ability of the community to remove COD
(including the secreted algal photosynthate) and carry out nitrification
reactions.

SIMPER analysis was used to highlight specific taxa that contribute
most to differences in microbial community structure (beta dissim-
ilarity) in the presence and absence of algae. The taxa that contributed
most to community dissimilarity are shown in Fig. 4. In communities
with digester microbes only, the presence of algae led to reductions in
relative abundance of heterotrophic genera including Pseudomonas
(p = 0.027) and Thauera (p = 0.004). However, the presence of algae
led to a significant increase in relative abundance of the heterotrophs
Alcaligenes (p < 0.001) and Citrobacter (p = 0.048). This suggests
affinity of specific taxa to algal photosynthate and/or the oscillating
oxic state induced by algal photosynthesis. However, it was apparent
that this restructured digester community was not well-suited to the
consumption of algal photosynthate, given the observed net increase in
COD over time.

In cultures supplied with activated sludge, the presence of algae
likewise led to significant reductions (p < 0.021) in relative abun-
dance of species belonging to several heterotrophic genera including
Comamonas, Pseudomonas, three strains of Acidovorax, and an “unas-
signed” organism. A BLAST search of this unassigned sequence identi-
fied it as an “uncultured bacteria” that it has been observed in aquatic
environments including the cuticle of crayfish [39]. Interestingly, one

strain of Acidovorax delafieldii increased in relative abundance
(p = 0.01) in response to algae and is a general heterotroph [40] po-
tentially capable of consuming algal photosynthate. This suggests a
highly specific response to C. sorokiniana among strains within Acid-
ovorax.

3.5. Algae impact the abundance of nitrifying bacteria and phosphate
accumulating bacteria

Members of Nitrospira, an important genus capable of commamox
(both ammonia and nitrite oxidation) [41], were almost non-existent in
the digestate community but present in the activated sludge. When
grown in digestate, Nitrospira populations declined from over 1.6% of
the gene counts in the activated sludge inoculum to only 0.02% after
5 days of incubation (Fig. 5). Relative abundance of Nitrospira declined
from 1.6% to roughly 1.2% of gene counts when co-cultured with algae
on the digestate. A similar finding was observed for members of Ni-
trosomonadaceae, a family of ammonia oxidizing bacteria [42]: large
declines in relative abundance were observed when these organisms
were cultured on digestate but the decline was significantly muted by
the presence of algae.

While algae are known to take up phosphate from wastewater,
phosphate-accumulating bacteria can also play a significant role. The
sequencing results revealed a 0.074% relative abundance of Candidatus
Accumulibacter, a known phosphate-accumulating organism (PAO), in
the activated sludge inoculum (Fig. 5). As with the nitrifying bacteria,

Fig. 4. A list of taxa that contributed most to the microbial community’s Bray-Curtis dissimilarity (> 45%) in cultures with and without C. sorokiniana. This includes
a comparison of native digester community (AD) structure in the presence and absence of C. sorokiniana (algae) as well as activated sludge (AS) communities in the
presence and absence of algae. Relative abundance of each taxon is shown for each experimental condition. All taxa are identified at their lowest possible classi-
fication level.
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the relative abundance of Candidatus Accumulibacter declined by 94%
(p < 0.001) after cultivation in the digestate. However, the presence
of C. sorokiniana led to a slight increase in relative abundance of Can-
didatus Accumulibacter to 0.082% of the microbial population.

3.6. Impacts on abundance of gene copies involved in nitrification

The microbial community analysis suggested that algae were able to
mitigate the loss of nitrifying bacteria grown on the poultry litter di-
gestate. However, because the population of Nitrospira and
Nitrosomonadaceae where determined on a relative abundance basis,
they do not provide information about their total abundance in the
culture. We therefore utilized qPCR to determine the copy number of
genes involved in nitrification on a culture volume basis. It is important
to note, however, that gene copy number is not a measure of tran-
scription, translation, or ultimate enzyme activity. Rather, it provides
insight into the abundance of microbial populations capable of ni-
trification. Two versions of the ammonia monooxygenase gene (amoA)
were targeted: one associated with bacteria and one associated with
archaea. The archaeal amoA gene failed to amplify in the samples and
no data is shown. Bacterial amoA genes were detected in all samples but
no significant difference in abundance was observed when algae were
present versus absent (Fig. 6). Cultures containing activated sludge had

higher amoA gene counts than those containing only native digester
microbes (p < 0.019). These findings were generally expected given
the ability of activated sludge communities to oxidize ammonium
whereas the AD community could not (Fig. 3).

Two versions of the nitrite oxideoreductase gene (nrxB) were also
targeted: one pertaining to Nitrospira and one pertaining to Nitrobacter.
Similar to the sequencing data, the abundance of nrxB gene copies as-
sociated with Nitrospira were 5.5 times higher in cultures containing
both activated sludge and algae compared to activated sludge without
algae (p < 0.004). The AD community did not contribute significantly
to the abundance of Nitrospira nrxB gene copies. The AD community
also contributed a relatively small fraction of the Nitrobacter nrxB gene
copies. Nominally, there were 40% fewer Nitrobacter nrxB gene copies
per ml in cultures containing both activated sludge and algae compared
to activated sludge without algae, however this difference was not
statistically significant.

4. Discussion

The results show synergistic growth effects between C. sorokiniana
and certain AS microorganisms that lead to benefits in the treatment of
poultry litter slurry anaerobic digestate. Combining AS microorganisms
and algae led to greater nitrogen assimilation by algae as well as in-
creased rates of nitrification by bacteria compared to either organism
group acting alone. Greater cellular nitrogen uptake (likely by algae)
can largely be explained by the growth promoting effects that AS mi-
croorganisms had on C. sorokiniana. Faster growth can also partially
explain faster phosphate removal when both AS and algae were cul-
tured together.

Another explanation is that the nitrogen and phosphorus content of
the cells changed in response to the treatment, leading to altered nu-
trient uptake rates. The typical nitrogen content of C. sorokiniana cul-
tured on chemical N8 medium is roughly 7% but when grown on
poultry litter digestate, it drops to around 2% as discussed by Bankston
and Higgins [21]. This decline in nitrogen content coincides with a
dramatic accumulation of starch in C. sorokiniana when grown on di-
gestate. The present case was no exception. The biomass nitrogen
content was higher when algae and AS microorganisms were co-culti-
vated compared to algae in the absence of AS. The presence of AS in-
duced lower starch accumulation and consequently higher nitrogen
content in C. sorokiniana. This, along with faster growth rates, can ex-
plain the significantly faster ammonium uptake in algae cultures con-
taining AS versus those without AS.

The phosphate content of biomass was not measured in this study
but phosphate accumulating bacteria were present in the activated
sludge inoculum and growth of these organisms can be enhanced
through repeat cycles of oxic and anoxic conditions [43]. Use of algae

Fig. 5. Relative abundance of the genus Nitrospira,
the family Nitrosomonadaceae, and the genus
Candidatus Accumulibacter based on 16S rRNA
amplicon sequencing. The culture conditions in-
cluded native anaerobic digester miroorganisms
(AD), activated sludge microorganisms (AS), and/
or C. sorokiniana (algae). Error bars are standard
deviation based on n = 3 biological replicates and
letters indicate statistical significance at the 0.05
level within a taxonomic group
(lowercase = Nitrospira, uppercase =
Nitrosomonadaceae, and underlined = Candidatus
Accumulibacter). All taxa are identified at their
lowest possible classification level.

Fig. 6. Gene count concentration in the bioreactors after 120 h of batch culture,
determined by quantitative PCR. The culture conditions included native anae-
robic digester miroorganisms (AD), activated sludge microorganisms (AS), and/
or C. sorokiniana (algae). Error bars are standard deviations based on n = 3
biological replicates. Within a contaminant, bars with the same letter are not
significantly different at the 0.05 level based on Tukey’s multiple comparison
test. The original data violated homogeneity of variance; consequently, a square
root transform was used prior to conducting Tukey’s multiple comparison test.

E. Bankston, et al. Chemical Engineering Journal 398 (2020) 125550

7



can lead to such oxic cycling over the light-dark cycle [15] and could
potentially lead to phosphate accumulation by PAOs. Algae have been
employed successfully in denitrating reactors which also rely on cycling
between oxic and anoxic conditions [13]. Our results showed that the
well-studied PAO, Candidatus Accumulibacter [44], decreased in re-
lative abundance after cultivation in poultry litter digestate. However,
this loss was mitigated by the presence of C. sorokiniana, suggesting a
symbiotic relationship that may be due in part to intermittent photo-
synthetic aeration. PAOs are significant because they are very effective
at phosphate removal through synthesis of polyphosphate, allowing
them to achieve phosphorus content in excess of 10% of their mass
[45]. To our knowledge, algal support of PAOs has not previously been
reported. Yang et al. found that PAOs existed in reactors co-inoculated
with algae and activated sludge treating synthetic municipal waste-
waters [46,47]. However, their experiments did not elucidate the im-
pact of algae on PAO populations, only that they can co-exist.

As hypothesized, the presence of algae led to higher rates of COD
removal by activated sludge microorganisms. This is expected to be
driven in part by high levels of dissolved oxygen generated through
photosynthesis [15]. This improvement is even more significant given
that these algae released a significant additional carbon load into the
water in the form of photosynthate, similar to past findings on winery
wastewater [14] and municipal wastewater [48]. Despite these find-
ings, the digestate did not support robust growth of AS microorganisms.
Only ~ 35 mg/L of the 249 mg/L COD were consumed by the AD-AS
community over the 5-day batch culture indicating limited availability
of degradable carbon in this system. The native digester microbes had
almost no capability for additional COD removal. These organisms were
involved in organics removal in the upstream digester and were ap-
parently not well-adapted to the aerobic, low-temperature (25 °C) en-
vironment of the bioreactors used in this study. This poor adaptation is
underscored by the dramatic loss of diversity in this community after
growth in the aerobic reactors.

The hypothesis that algae promote nitrification by AS microorgan-
isms was confirmed despite significant debate on this matter in the
ecology literature. A survey of past research has led to the paradigm
that algae and cyanobacteria generally harm or compete with nitrifying
bacteria, thereby depressing their populations and their capacity to
transform ammonium [17]. Risgaard-Petersen et al. [49] found that
competition for ammonium between benthic microalgae and nitrifying
bacteria led to significant declines in the populations of ammonia-oxi-
dizing bacteria. However, ammonium limitation is not expected to be a
significant problem in high-strength digestates where excess ammo-
nium is more likely to be a problem for nitrifying bacteria [5]. That
said, Choi et al. [18] studied a nitrifying reactor fed with a solution
containing 8.3 mM ammonium nitrate (~150 mg/L NH4) and still
found that algae suppressed nitrification by 77%. However, closer in-
spection of their methodology showed that they determined nitrifica-
tion based on dissolved oxygen consumption after supposedly separ-
ating nitrifying bacteria from algae by sedimentation. Such
measurements are likely confounded by residual algal biomass among
the nitrifiers and vice-versa. Indeed Choi et al. found that algae did not
suppress ammonium removal or nitrate production in the reactor ef-
fluent.

Our results indicate that algae support nitrite-oxidizing bacteria
(particularly Nitrospira) in nutrient-rich anaerobic digestate. Here, we
present evidence that poultry litter slurry digestate is likely inhibitory
or even toxic to nitrite oxidizing bacteria, depressing their numbers and
function. Addition of algae, mutes this outcome, leading to full ni-
trification and much slower losses of nitrifying populations (including
members of Nitrospira and Nitrosomonadaceae). There are a number of
potential mechanisms that could explain this behavior. The common
assumption is that algae produce dissolved oxygen in excess of sa-
turation which benefits the nitrification reactions and thereby support
nitrifying populations. This hypothesis has been promoted by re-
searchers in marine and aquatic ecology who have observed that in

some natural systems, the presence of algae (and illumination) can
provide benefits to nitrifying bacteria when ammonium is not limiting
[19,20]. These ecology studies were carried out in the marine benthos
where oxygen is often limiting. In the present study, all organisms were
grown in well-aerated bioreactors (0.5 vvm) with apparently low bio-
chemical oxygen demand (COD removal rates were < 11 mg/L/d).
Significant oxygen limitation is unlikely but could be present in the
center of cell flocs when algae are absent.

Another possibility is that algal biomass acts as a sorbent for (or
even degrades) toxic molecules that negatively impact nitrifying bac-
teria. Digestates are often rich in a range of free fatty acids [50] and
phenolic compounds [51,52] and work by others has shown that these
compound classes are inhibitory to nitrifying bacteria [53,54]. In fact,
work by Levén, Nyberg, Korkea-aho and Schnürer [55] showed that
specific phenols in anaerobic digestate were toxic to ammonia oxidizing
bacteria in soils. Ammonium levels over 350 mg/L are also inhibitory to
nitrifying organisms [54] but ammonium levels in the digestate were
roughly 200 mg/L and the pH was < 7.5; thus ammonia toxicity was
unlikely. A possible third mechanism is that algal photosynthate mod-
ulates the broader bacterial community and thereby confers advantage
to nitrifying organisms. Community restructuring in response to algae
was evident from the sequencing data in this study as well as past
studies of wastewater treatment [14]. Such mechanisms merit future
investigation to better understand what conditions and organisms
confer beneficial effects toward nitrifying populations.

Our findings that algae can increase the population and capacity of
bacteria involved in organics removal, nitrification, and phosphate re-
moval from anaerobic digestate have practical as well as scientific
merit. Digestates are rich in nutrients which could be used for hydro-
ponic food production but robust conversion of ammonium to nitrate is
needed to achieve stable plant production [56,57]. Enhanced organics
removal is also helpful in preventing harmful anoxic conditions around
plant roots [58]. This system will also benefit those who engage in
direct or accidental discharge (e.g. during storm events) of ammonium-
rich digestate. High ammonium concentrations in digestate lead to
significant environmental degradation whereas nitrate is more in-
nocuous [7,8]. Finally, the algal biomass generated from the process
has value as a soil amendment [59] or as animal feed [60], provided
feed safety issues are addressed.

5. Conclusions

C. sorokiniana and activated sludge microorganisms exhibited sy-
nergistic growth effects in the treatment of poultry litter slurry anae-
robic digestate. The presence of C. sorokiniana stimulated enhanced
organics removal by heterotrophs in activated sludge. C. sorokiniana
also supported survival of populations belonging to Nitrospira and
Nitrosomonadaceae and promoted full oxidation of ammonium to nitrate
in contrast to cultures without algae. The presence of C. sorokiniana
supported survival of Candidatus Accumulibacter, a known phosphate-
accumulating bacteria.
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