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ARTICLE INFO ABSTRACT

Keywords: A novel technological approach for dairy processing wastewater remediation is presented. This approach com-
D‘alry processing bines microbial bioreactor systems with Lemna minor plant biomass cultivation is presented. Sequential anaerobic
Biorefinery o and aerobic microbial batch reactors achieved wastewater remediation efficiencies of 97.5 %, 83 % and 58.5 %,
Phytoremediation

for chemical oxygen demand (COD), total nitrogen (TN) and total phosphorus (TP), respectively. Molecular
profiling of the bioreactor communities indicated that phylum Pseudomonadota dominated nitrification/deni-
trification metabolism. TP removal was largely correlated with PO3 -P uptake, with significant redundancy
observed among bacterial genera contributing ppK and ppX-gppA phosphate metabolism genes. Novel dominant
roles for members of the genus Macellibacteriales and Rikenellacea in phosphate uptake are proposed. Integration
of Lemna cultivation increased wastewater TN and TP remediation efficiencies to 96.5 % and 73 %, respectively.
However, relative growth rates of Lemna were found to be critically dependent on pH adjustment of effluents
from pH 8.9 to pH 4.9-5.1. Phytotoxicity under alkaline conditions was correlated with wastewater NH3-N
concentration (p < 0.001). Elevated wastewater sodium and chloride levels did not appear to induce plant stress,
with no statistical difference in photosynthetic activity. This study provides valuable, practical insights into the
integration of microbial and phyto-remediation technologies, coupling wastewater treatment with opportunities
for valorisation.
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Aerobic dynamic feeding
Lemna minor

Duckweed

Wastewater

1. Introduction

Milk and dairy products contribute significantly to human food se-
curity due to their high nutritional value and broad health benefits [1].
Global milk production was reportedly 897 million tons in 2022 with
future growth projected to reach 1039 million tons within the next
decade [2]. In low to middle income countries with high milk produc-
tion, e.g. India and Pakistan, the majority of domestic product is directly
consumed as whole milk. However, in high income dairy production
countries such as the USA and several members of the European Union,
>50 % of milk output undergoes processing into diverse products such
as milk powders, infant formula, cheese and butter. Processed dairy
products account for up to 14 % of global agricultural trade, with
approximately 10 million tons traded in 2021 [2]. However,

intensification of dairy production and processing has seen the industry
face increasing scrutiny in the context of environmental sustainability
and climate change contributions.

Dairy processing can result in up to 10 fold equivalent wastewater
outputs for each unit of milk processed, with the dairy sector repre-
senting the largest source of food industry wastewater in some European
countries [3]. The scale of this output is compounded by the high
organic and inorganic nutrient loadings associated with untreated dairy
processing waste streams. These include 2000-7700 mg L™} chemical
oxygen demand (COD), 64-270 mg L! NH3s-N, 9-30 mg L! NO3-N,
20-356 mg L PO} -P, as well as a range of trace metals (e.g. Ca, Mg, K,
Fe) (6-10). As a result, dairy processing wastewaters are subject to
stringent regulatory controls and emission limits and require extensive
remediation to minimise pollution/eutrophication risks to receiving
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waterways [4].

The high COD/BOD quotient of dairy processing wastewater makes it
amenable to biological secondary treatment, which is a common feature
of onsite remediation as described in previous reviews [5,6]. Current
commercial systems typically incorporate anaerobic digestion for COD
conversion to methane and/or activated sludge systems under oxic/
anoxic cycling for COD consumption coupled with nitrogen species
transformations. Orthophosphate capture is often achieved with chem-
ical precipitants, e.g. aluminium or calcium salts [7]. However, a recent
review of sustainability issues in the dairy sector identified the biolog-
ical treatment of processing wastewaters as a significant source of GHG
emissions (CH4, N2O, CO3) [8]. In addition, activated sludge systems can
generate dairy processing sludge (DPS) volumes approaching 20 kg/m>
of milk processed, with an estimated 3.8 million tonnes generated in the
EU per annum [9]. Land spreading of DPS as a management strategy
presents inefficiencies in terms of balanced nitrogen and phosphorous
delivery and can also contribute to GHG emissions and the risk of soil
accumulation of heavy metals [9,10].

There has been significant research in recent years into biological
treatment approaches with a capacity to couple wastewater remediation
with circular economy goals of sustainable management and resource
recovery. These have included a shift from multistage, energy intensive,
high cost chemical and biological secondary treatments to single stage,
microbial sequencing batch reactor designs for flexible applications.
One such technology is aerobic dynamic feeding which can enrich for
bacteria in mixed culture systems with a capacity for carbon capture in
the form of condensation polyesters [11]. Such mixed culture systems
can also achieve efficient nitrogen removal and partial TP removal [12].
In addition, phyco and phytoremedation approaches for industrial
wastewater nutrient capture have also been proposed [13]. Research
into mixotrophic phycoremediation of dairy processing wastewaters
have shown some promise. However, challenges persist with respect to
algal strain tolerances to fluctuating nutrient compositions and high salt
contents of process effluents [14]. Phytoremediation with fast growing
aquatic plants such as members of the Lemnaceae (Duckweed) family
have also been recently proposed, offering opportunities to couple
biomass production with remediation of N, P and other plant nutrients
[15,16]. However, such application to dairy processing wastewaters
would require pretreatments as Lemna species remove relatively small
amounts of organic matter in autotrophic and mixotrophic conditions
[17].

While novel technologies for dairy processing wastewater remedia-
tion and biorecovery are reported, significant knowledge gaps exist
regarding potential technical challenges to their direct integration and
the capacity for such systems to deliver the robust nutrient remediation
performances demanded of the sector. In this study we investigated a
novel, potential biorefinery configuration for treating dairy processing
wastewater, coupling microbial bioreactors for acidogenic anaerobic
digestion and aerobic dynamic feeding with Lemna minor cultivation
over a 5-month operational period. The study investigated (i) dairy
processing wastewater remediation performance of the microbial and
phytoremediation steps, (ii) microbial community dynamics and meta-
bolic profiling to evaluate key operational taxa, (iii) growth and stress
response indicators of duckweed cultivated on microbially-treated dairy
processing wastewater.

2. Materials and methods
2.1. Dairy processing wastewater

Dairy processing wastewater was sourced from a large scale, com-
mercial dairy processing facility in the Munster region in the south of
Ireland. This facility produces a range of dairy products including
cheese, butter and milk powder. Within the facility the aqueous waste
streams from all production-lines, along with water and chemicals used
for cleaning, are screened for the removal of large solids and then
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collected in a balancing tank. During peak season dairy production
(March — November), the wastewater is pumped to an on-site anaerobic
digester (AD) for COD remediation (~90 %) and biogas is captured for
thermal energy applications. The AD digestate is then fed to the main
WWTP where a combination of chemical precipitation and activated
sludge biological treatment is applied for nitrogen and phosphorus
species remediation. In this study, raw processing wastewater from the
balancing tank was used as a feed-stock for our investigations. Digestate
samples from the industrial AD system were also collected for use in
evaluations of duckweed growth.

2.2. AD-ADF laboratory scale treatment system

The laboratory bioreactor system consisted of an acidogenic anaer-
obic digestor and a sequencing batch reactor operated under aerobic
dynamic feeding (ADF) conditions (Fig. 1). Effluent from the ADF
reactor was then used as feedstock for the duckweed cultivation trials, as
described below. Both microbial systems were seeded with biomass
sludge from an upflow AD sludge blanket at the commercial dairy pro-
cessing site, with an initial mixed liquor suspended solids content of 6 g
L™L. The acidogenic reactor consisted of a sealed 2 L continuously stirred
tank reactor system subjected to 12 h pulse feeding intervals at the start
of which 750 mL dairy processing wastewater was added, totalling 1.5 L
per day. At the end of each 12 h cycle, 750 mL effluent was pumped to a
buffer tank, before commencement of the next feed cycle. The short
hydraulic retention time was chosen to encourage acidogenic microbial
activity rather than methanogenic species. The ADF reactor was an open
system with an operational volume of 2 L and overhead mixing. The
reactor was operated in 8 h automated cycles wherein 450 mL of effluent
from the acidogenic AD effluent balance tank was added at the start of
each cycle, together with mixing (145 rpm) and aeration (0.5 L min~1)
(Fisher Scientific vacuum/aerator pump). After 7 h the mixing and
aeration ceased, and the reactor biomass was allowed to settle under
gravity for 40 min before withdrawing 450 mL of clarified supernatant
over a 15-minute period (Watson Marlow 454S peristaltic pump).
Manual biosolid removal was performed periodically at the end of the
supernatant withdrawal phase to maintain mixed liquid suspended
solids between 3 and 4 g L™!. Samples of influent and effluent were
collected for physico-chemical analyses.

2.3. Duckweed strain and cultivation conditions

Duckweed cultivation studies were conducted with a previously
characterised strain isolated by our group, namely L. minor Blarney
strain 5500 RDSC, which exhibits high growth rate, high nutrient uptake
and tolerance of dairy processing wastewater conditions [18,19]
Routine maintenance of the strain involved cultivation on Hutner’s
media as previously described [20]. Growth trials of L. minor Blarney on
untreated wastewater or effluents from the AD-ADF laboratory system
and the industrial on-site AD were similarly performed (Fig. 1). Colonies
of L. minor on Hutner’s media were transferred to Magenta vessels (GA-
7) containing 100 mL volumes of each, respective, wastewater and
allowed to acclimate for a period of 7 days in a controlled growth room
(average light intensity 50 pmol m 2 s~! PAR, 22 °C, 16 h:8 h light:dark
photoperiod). These cultures were then transferred to fresh Magentas
with 100 mL of fresh wastewater to generate 50 % plant surface
coverage, quantified using EasyLeafArea automated digital image
analysis software [21]. Densities were maintained at +2 % of target
surface cover throughout the experiment through the removal of excess
plant material every 2-3 days. This process was guided by measure-
ments of duckweed surface area, as determined by EasyLeafArea.

2.4. Effluent pH and [NH3—N] modification

To explore the potential negative effect of ammonia concentration on
duckweed growth, cultivation trials were conducted with ADF effluent
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Fig. 1. Overview of the laboratory bioreactor system and operational parameters for combining acidogenic anaerobic digestion, aerobic dynamic feeding and

duckweed cultivation trials with and without feedstock modification.

collected at 3 time points over a 28 day period. To optimise growth, pH
and ammonia levels were modified. A factorial design with two pH
levels (low, pH 5 and high, pH 9) and two ammonia levels (low,
0.21-0.5 mM, and high, 2.1 mM) was used. As the pH of unmodified
ADF effluent was routinely pH 8.6-8.9, this was used directly for the
high pH evaluations. pH 5 conditions were achieved with 1 M HsSOy4.
The NH3-N concentration was increased to 2.1 mM (30 mg L’l) through
the addition of ammonium sulphate. Cultivations were performed as
described above.

2.5. Duckweed growth and stress monitoring

Relative growth rate (RGR) determinations for duckweed on all
media were based on changes in biomass over time using the formula,
RGR = (In Wy/W1)/d, where In is the natural log, W1 is starting fresh
biomass, W2 is the final fresh biomass on the final day of the experiment
and d is the time in days. For plants kept at 50 % surface coverage, the
removed excess plant biomass was weighed and used to calculate the
biomass yield. A 3-day RGR was calculated based on the increase in
biomass at the first harvest time point. Yield (g) is the total amount of
excess biomass removed over the course of the 7-day experiment. In
order to assess photosynthetic performance as an indicator of potential
plant stress, chlorophyll a fluorescence measurements were taken on
randomly selected plants on days O and 7, using a pulse amplitude
modulated fluorometer (WALZ Imaging fluorometer, Effeltrich, Ger-
many) as described previously by our group [22]. Measurements were
used to calculate Fy/Fy,, the maximum quantum yield of Photosystem II
(PSID); Y(II), the quantum yield of PSII; Y(NPQ), the yield of non-
photochemical quenching and Y(NO), the yield of unregulated heat
dissipation. The procedure that was followed and the calculations that
were made are detailed in Walsh et al. [20]. Statistical analyses were
conducted using R (version 3.4.3, R Core Team (2019)). One-way
ANOVAs were used to analyse differences between treatments. Two-
sample t-tests were used to compare chlorophyll fluorescence mea-
surements taken on day 0 and day 7. Normality was assessed through a
graphical assessment of the distribution of the residual values for data
points (i.e., histogram). Homoscedasticity was assessed with ‘residuals
vs. predicted values’ plots as well as Fligner-Killeen tests. Multiple linear
regression was used to analyse the effect of pH and ammonia on duck-
weed RGR. The presence of multicollinearity was assessed using Vari-
ance Inflation Factor (VIF) values.

2.6. Water quality measurements

For full physico-chemical assessment of untreated wastewater, AD
effluent, AD-ADF effluent and duckweed reactor effluent, samples of
wastewater were analysed by a GLP laboratory (Aquatic Services Unit,
Cork, Ireland). BOD, COD, total solids, total nitrogen (TN) and total
phosphorous (TP) were measured for whole wastewater samples, i.e.

unfiltered sample, as per standard methods for wastewater analysis
[23]. Wastewater was filtered (0.45 pm) to determine the dissolved
concentrations of ammonia, nitrate, nitrite and orthophosphate using
the Lachat QuikChem 8000 by Zellweger Analytics, Inc. Milwaukee,
USA (QuikChem Methods 10-107-06-3-D, 10-107-04-1-C, 10-107-04-1-
C and 10-115-01-1-B, respectively). Sodium, potassium, calcium, mag-
nesium, zinc and iron were measured in filtered wastewater using a
flame AAS (Varian Australia Ply Ltd., 1989). Copper and manganese
were measured using a graphite furnace AAS (Varian Australia Ply Ltd.,
1989). Chloride was measured using ferricyanide method on filtered
wastewater [23].

2.7. Biomass DNA extraction and 16S amplicon library preparation and
sequencing

Sludge biomass samples were collected from the ADF system at
weeks 2, 4, 13 and 20 for DNA extraction as described by Gil-Pulido and
co-workers previously [24]. In summary, 6 mL of ADF mixed liquor was
centrifuged for 15 min at 5000 rpm and the supernatant discarded. 300
mg of the resulting biomass pellet was used for DNA isolation using the
PowerSoil DNA Isolation Kit (MOBIO Laboratories) as per the manu-
facturer’s instructions. DNA was quantified using a Nanodrop spectro-
photometer and visualized for quality/integrity via 1 % TAE gel
electrophoresis in the presence of SafeView nucleic acid stain and UV
transillumination (BioRad systems). 16S amplicon library preparation
for each sample followed the Illumina MiSeq protocol targeting the V3-
V4 gene region with the primer pair 341F/805R carrying Illumina
adapter overhangs [25]. Reagents and thermocycling conditions were as
per the illumina protocol. Amplicons were purified using a spin column,
silica-based binding approach (Qiagen), with concentration and purity
evaluated spectrophotometrically. A subsequent indexing PCR was
performed to add dual index 8 bp tags and sequencing adapters (Nextera
XT). Amplicons were purified as above and concentrations determined
using a nanodrop, followed by preparation of equimolar pooled samples
sent to Eurofins Genomics for sequencing on the MiSeq Illumina
platform.

2.8. Bioinformatic analyses

Raw sequences were processed using mothur v1.48.0 [26,27]. First,
paired-end sequences were merged into contigs by local alignment
through Needleman-Wunsch algorithm, solving disparities in over-
lapping nucleotides by choosing the possibility with highest Phred score
as true. Contigs were then removed if they contained any ambiguous
base or 8 bp or longer homopolymers. The remaining sequences were
checked for chimeras using de novo method of VSEARCH [28] imple-
mented in mothur. Non-chimeric contigs were then taxonomically
classified against the SiLVA nr v132 database through k-nearest
neighbor algorithm considering 8 bp k-mer size and a taxonomic cutoff
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of 80 %. Contigs that were classified as Archaea, Eukaryota, or Bacteria
non identified at phylum level were discarded from the analysis. The
remaining contigs were then aligned against the SiLVA SEED v132
database through Needleman-Wunsch algorithm and considering both
strands to observe alignment failures. Contigs that did not start and end
in the anticipated position of the primers pair used for amplification
were discarded from the analysis. The remaining contigs were clustered
in a 97 % similarity threshold through the Abundance-based Greedy
Clustering of VSEARCH implemented in mothur. Singleton OTUs were
deemed as spurious sequences and removed from the analysis. The
remaining contigs were considered high-quality sequences and used for
computation of microbial ecology. Taxonomic classification for each
OTU was obtained by computation of a taxonomic consensus consid-
ering all sequences within that OTU.

The most abundant sequence of each OTU was chosen as represen-
tative sequence for that OTU. Representative sequences for all OTUs
were used for metagenomic prediction using PICRUSt2 software [29].
For this purpose, representative sequences were placed into a reference
tree containing 20,000 full 16 rRNA genes of Bacteria and Archaea or-
ganisms retrieved from Integrated Microbial Genomes database [30].
HMMER (http://www.hmmer.org) was used for phylogenetic place-
ment of sequences, while EPA-ng [31] was used to evaluate the fitting of
positioning and GAPPA [32] was used for generation of a new phylo-
genetic tree with the representative sequences added. Finally the
phylogenetic tree was used to predict the metagenomes of representa-
tive sequences introduced. All sequence data is publicly available on
NCBI Database (Bioproject ID: PRJINA732913).

3. Results and discussion

3.1. Wastewater remediation performance of the laboratory AD-ADF
system

Table 1 presents physico-chemical wastewater analyses for untreated
wastewater together with effluent from the industrial anaerobic diges-
tor, the AD-ADF lab system and the duckweed cultivation system. The
composition of the untreated wastewater was representative of typical
nutrient loads in the dairy sector, as described in Section 1. Effluent from
the industrial AD was characterised as a comparator for the lab system,
as this is the first treatment step at the industrial facility. The AD ach-
ieved approximately 90 % reduction in COD, and a modest ~10 %
removal of both TN and TP. Ammonification activities were evident with
a 89 % increase in the mean NH3-N load of the AD effluent compared
with the untreated wastewater. Metal ion concentrations were largely
unaltered except for Mg?", with 87 % mean removal observed in the AD
system. Mg?" has previously been linked with enhanced COD removal
efficiency in AD systems, although higher concentrations (>250 mg L)
can prove inhibitory [33]. With respect to the laboratory system, both
the AD and ADF reactors were stably maintained over the 20 week
evaluation period. Volatile fatty acid profiling of effluent from the
acidogenic anaerobic digestor indicated that the 24 h hydraulic reten-
tion time was effective in promoting acidogenic and acetogenic meta-
bolism, with total VFA yields of 1500 mg L™}, comprised primarily of
acetic (60 %) and propionic (33 %) acids, respectively (data not shown).
As per the data in Table 1, nutrient remediation in the combined AD-
ADF system achieved mean COD, TN and TP removal efficiencies of
97.9 %, 83 % and 58.5 %, respectively. In relation to NH3-N, a mean
reduction of 73 % was observed, with ammonia oxidation a likely key
process as NO3-N levels went from below detection limits in raw
wastewater to 0.8 + 0.4 mM in the AD-ADF effluent. PO3-P removal
was 53.5 %, similar to TP (58.5 %), indicating orthophosphate
accounted for the majority of P removal. Similar phosphate uptake
levels in ADF reactor biomass have previously been reported by our
group [12] and others [34] and reinforce the potential of ADF systems
for significant phosphate recovery without the addition of flocculating
agents.
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Table 1
Composition of untreated dairy wastewater, Industrial AD effluent, Laboratory
AD-ADF effluent and duckweed effluent (post cultivation on AD-ADF effluent).

Parameter Untreated Industrial Lab Scale Duckweed
wastewater AD effluent AD-ADF effluent
(mean + SD, (mean + SD, effluent (mean +
n=>5) n=23) (mean =+ SD, SD,n=4)
n=4)
pH 6.5 (+£0.5) 8.5 8.9 (+£0.1) 7.9 (£0.3)
BOD (mg L) 1496 (+594) 33.2 (£3) 22.3 (£18) 9 (£3.9)
COD (mg L) 2663 (+£459) 292.3 60 (+32) 77 (+£43)
(+181)
Total solids (mg 4198 (+659) 3240 (£122) 2825 (+555) 2870 (+0.5)
Lh
Total nitrogen 7.8 (£1.6) 6.7 (+0.8) 1.4 (+£0.6) 0.3 (+0.1)
(mM)
Ammonia-N 2.7 (£0.8) 5.1 (+0.6) 0.6 (+£0.3) 0.001
(mM) (£0.0001)
Nitrate-N (mM) BD BD 0.8 (+0.4) 0.009
(<0.0007) (<0.0007) (£0.01)
Nitrite-N (mM) BD BD NM NM
(<0.0001) (<0.0001)
Total 1.0 (+£0.2) 0.91 0.5 (£0.1) 0.3 (+£0.1)
phosphorus (+0.003)
(mM)
Orthophosphate- 0.8 (+£0.2) 0.86 (+0.02) 0.4 (+0.1) 0.3 (£0.1)
P (mM)
Sodium (mM) 36.5 (£7.7) 45.2 (+£0.5) 38.7 (£8.7) 36 (£8.5)
Chloride (mM) 26 (+8.6) 26.9 (+1.3) 24.7 (£8.9) 23.5 (£10)
Potassium (mM) 2.7 (£0.6) 2.3 (+0.08) 2.7 (£0.5) 2.5 (£0.7)
Calcium (mM) 2.3 (£1.3) 2.2 (£0.06) 1.2 (£0.3) 1.1 (£0.2)
Magnesium 1.9 (£3.3) 0.42 (+0.03) 0.4 (+0.1) 0.3 (+0.1)
(mM)
Iron (mM) 0.006 0.004 0.003 0.003
(+£0.004) (+£0.0003) (£+0.0008) (+£0.001)
Zinc (mM) 0.05 (£0.06) 0.0003 0.06 (+0.1) 0.009
(+0.0001) (+0.006)
Copper (mM) 0.0003 0.0001 0.0002 0.0007
(4+0.0002) (+0.0002) (4+0.0005)
Manganese 0.007 0.0003 0.0001 0.0002
(mM) (£0.01) (40.00005) (+0.00006) (4+0.0001)

BD - below detection.
NM - not measured.

3.2. ADF microbial community dynamics over time

Biomass samples were collected at various time point across the
operation of the ADF system to allow microbial community profiling and
phylogenetic prediction of metabolic complexity associated with the
final microbial treatment stage. Mean sequence reads across all samples
were 130,669 =+ 23,025 with 99.6-99.8 % retention post quality control.
OTU level rarefaction curve plateaus suggested thorough richness
sampling (data not shown). Alpha diversity measures indicated rela-
tively high diversity within the samples (Shannon entropy H = 3.5 +
0.75, Simpson Index = 0.8 + 0.07). Fig. 2 presents (a) phylum level and
(b) order level relative abundances within the ADF biomass over time.
Significant shifts in phylum level relative abundances were observed in
biomass samples. Phylum Proteobacteria decreased from 40 % in week 2
to relative abundances of 7-9 % across all samples thereafter. The
observed decrease correlated at order level (Fig. 2b), with downward
transitions in the order Pseudomonadales and the exclusion of Alter-
omonadales. Phylum Epsilonbacteraeota representation also decreased
substantially from 31 % at week 2 to 1 % by week 13, which was largely
attributable at order level to the reduction in Campylobacteriales
abundance. In contrast, the phylum Bacteroidetes increased from 21 %
in week 2 to 47-65 % across weeks 4 to 20.

This was reflected at order level primarily via increased abundance
of order Bacteroidales, while order Flavobacterium members (10 %
abundance in week 2) were reduced to below the 1 % cutoff by week 4.
In the same period, relative abundance of the Firmicutes phylum
increased from 2 % in week 2 to 20-32 % across weeks 4-20,
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Fig. 2. Relative abundance of bacteria at (a) Phylum and (b) Order levels in ADF reactor biomass samples at weeks 2, 4, 13 and 20 of operation.
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respectively. The latter corresponded with elevated relative abundances
in the orders Clostridiales (9-24 %) and Lactobacilliales (6-10 %),
respectively.

3.3. PICRUST modelling of temporal shifts in community metabolic
function related to wastewater remediation

In addition to evaluating the relative ecological diversity, stability
and temporal dynamics of the ADF microbial community, we also
applied bioinformatic approaches to profile the metabolic functionality
underpinning the observed wastewater remediation performance.
Phylogenetic investigation of communities by reconstruction of unob-
served states (PICRUST) allows reference genome-based interpretations
of phylogenetic data to predict metabolic functionality within microbial
communities [29,35]. Nitrogen removal in biological wastewater
treatment can involve several microbial pathways/genes for nitrifica-
tion and denitrification, while excess phosphate uptake is primarily
associated with polyphosphate kinase activity [36]. Fig. 3 presents an
overview of PICRUST predicted, temporal shifts in key representative
genes from several, well characterised nitrogen metabolism pathways
[37]. The heatmaps show the gene contributions of representative
bacterial orders, which were included based on a cutoff of >1 %
contribution to one or more nitrogen metabolism pathways. Normalised
16S rRNA gene counts for each order allow correlation of relative
abundance with relative contribution to respective pathways. Based on
PICRUST analysis it would appear that 3 orders from the phylum Pro-
teobacteria, (Betaproteobacteriales, Campylobacteriales and Pseudo-
monadales) were the critical contributors to denitrification,
dissimilatory nitrate reduction and ammonia oxidation processes in the
ADF system. While some redundancy in nitrogen metabolism was
observed between these orders, ammonia oxidation appeared to be
exclusive to the Betaproteobacteriales, which also dominated the
observed contributions to dentrification over the 20 week ADF opera-
tional period. Pseudomonadales and Campylobacteriales were associ-
ated strongly with dissimilatory nitrate reduction, which can contribute
to NH3-N retention rather than removal in systems. However, in the
context of duckweed cultivation (see Section 3.4) this may constitute a
positive impact given the critical role of nitrogen in supporting Lemna
growth. With respect to assimilatory nitrate reduction, the order
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Micrococcales was the dominant contributor across all samples and has
previously been associated with nitrogen fixation roles [38]. It was
noted that the relative contributions of nitrogen metabolism genes
across the samples did not appear to be directly dependent on the
relative abundance of contributing orders. As an example, the order
Rhizobiales accounted for 62 % of the ammonia oxidation amoA gene
content in week 4, despite representing only 0.03 % of 16S rRNA gene
content among nitrogen metabolism providers. Thus, while ecological
profiling provided insights into the broad structural organisation and
dominant community members (Fig. 2), it did not correlate with key
functional contributions to system performance as per Fig. 3.

Fig. 4 presents PICRUST predicted, genus level bacterial contribu-
tions to luxury phosphate uptake associated genes, ppK and ppX, across
the ADF samples. In contrast to nitrogen metabolism (Fig. 3), there
appeared to be greater redundancy in polyphosphate metabolism ca-
pacity within the system with wide taxonomic distribution of genes. As a
result this system may offer greater adaptability and performance sta-
bility when compared to traditional configurations such as EBPR which
rely on specialist PAOs and are prone to instability [39]. Indeed, Fig. 4
potentially indicates that the robust orthophosphate removal capacity of
the AD-ADF laboratory system (Table 1) does not appear to be depen-
dent on commonly identified PAOs in wastewater treatment settings (e.
g. Tetrasphaera, Decholoromonas, Microlunatus, Candidatus) [39]. Con-
trary to nitrogen metabolism predictions, it would appear from Fig. 4
that relative polyphosphate gene contributions correlated closely with
16S rRNA gene abundance of the respective genera. The increasing
temporal dominance in the ADF community by phylum Bacteroidetes
from week 4 (Fig. 2(a)) correlated with dominant predicted contribu-
tions to ppK from related genera such as Macellibacteroides and Rike-
nellaceae (Fig. 4). This is the first report to our knowledge to propose
potential roles for Macellibacteroides or Rikenellaceae in biological
phosphorus uptake. However, further work is required to corroborate in
silico predictions with in situ functional roles and to elucidate specific
mechanisms. The authors note that Macellibacteroides appear to lack the
concomitant ppX-gppA exophosphatase gene for energy recovery from
polyphosphate, while Rikenellaceae demonstrated co-contribution of
both polyphosphate kinase and phosphatase genes.
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. 3. PICRUST phylogenetic prediction of representative nitrogen metabolism pathway gene abundances and relative (>1 %) contributions at bacterial order level.
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Fig. 4. PICRUST phylogenetic prediction of representative polyphosphate gene abundances and relative (>1 %) contributions at genus level.

3.4. Optimisation of duckweed growth on wastewater

While the primary focus of the study was on integration of AD-ADF
biological treatment with duckweed cultivation, duckweed growth
was also comparatively assessed on untreated wastewater and digestate
from the industrial anaerobic digestor at the dairy processing site.
Relative growth rates on the differing wastewaters, with and without pH
modification to pH 5, are presented in Fig. 5. On untreated wastewater,
L. minor grew with modest success in the initial stages, however by day 7
a thick layer of microbial biofilm routinely formed on the surface of the
medium with the plants becoming discoloured and losing viability. As a
result the RGR for L. minor on untreated wastewater was 0.15 + 0.05

with the high variability attributed to the rate and extent of biofilm
formation.

Initial growth trials on effluent from the ADF laboratory system
showed poor L. minor growth overall, with considerable variation be-
tween samples (Fig. 5). ADF effluent was observed to contain significant
solids carry over from the reactor, (Table 1), however filtration (1.2 pm)
had no effect on observed growth and was excluded as a significant
contributory factor (data not shown). It was observed that direct growth
of Lemna minor on industrial AD effluent also resulted in relatively low
RGRs when compared to cultivation on untreated effluent. Physico-
chemical analyses of the wastewaters (Table 1) identified a significant
disparity between the pH of untreated wastewater (pH 6.5 + 0.5) and

[Optmalgrowth, e e e e s e e e e e s
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Untreated Industrial AD Industrial AD Lab AD-ADF Lab AD-ADF
Wastewater digestate (pH 8.5)  digestace (pH S.1)  effluent (pH 8.9)  effluent (pH 5.1)

Fig. 5. Mean RGR (d') + SE for L. minor cultivation on wastewaters with and without pH modification. The dashed line represents RGR for L. minor grown on
optimal Hutner’s medium [20]. Bars that do not share letters differ significantly from one another (p < 0.01).
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the industrial AD and laboratory AD-ADF effluents (pH 8.5-8.9),
coupled with fluctuations in NH3-N concentration in the ADF effluent.
The combination of high pH and ammonia has previously been identi-
fied as a major hindrance for successful duckweed growth [40,41]. As a
result, the pH of both the industrial AD and Lab-scale AD-ADF effluents
were adjusted to pH 4.9-5.1 with H»SO4, which resulted in statistically
significant, increased RGRs for the industrial AD effluent and the labo-
ratory AD-ADF effluent, respectively (Fig. 5). In the case of the ADF
effluent, potential phytotoxicity impacts of ammonia were also assessed
through ammonia addition in tandem with pH modification (Fig. 6). It
was observed that a combination of high pH, 8.6-8.8, with an NH3-N
concentration of 2.14 mM (30 mg L) negatively affected duckweed
RGR. However, when the pH was adjusted to pH 4.9-5.1, no negative
effects on RGR were observed, irrespective of the ammonia concentra-
tion. A multiple linear regression (F (3,32) = 46.29, p < 0.001, R?> =
0.81; Fig. 6) suggested that pH and ammonia variables explained a high
amount of the variation in RGR observed when plants were grown on the
AD-ADF effluent.

Table 1 also highlights the elevated sodium and chloride levels in the
AD-ADF effluent compared to other metals. Oukarroum and colleagues
previously reported the potential for high NaCl concentrations to inhibit
photosynthesis [42]. Therefore, in an effort to investigate broader,
negative impacts of ADF effluent on Lemna minor cultivation, plant
photosynthetic integrity was also quantified by measuring chlorophyll a
fluorescence parameters at the beginning and end of each 7 day growth
trial (Fig. 7). Such measurements facilitate a deeper understanding of
the health of plants by assessing the utilisation of light energy. For
example, a stressed or damaged plant may have less capacity for
photosynthesis, lower F,/Fp, or use less photosynthetic energy, lower Y
(ID). Cultivation of Lemna minor on pH modified (pH 4.9-5.1), AD-ADF
reactor effluent did not result in any statistically significant differences
between chlorophyll a fluorescence measurements taken on day 0 and
day 7; (t-test Fy/Fpy: t(6) = 0.37, p = 0.72; t-test Y(II): t(6) = 1.56, p =
0.17; t-test Y(NPQ): t(6) = 0.74, p = 0.49; t-test Y(NO): t(6) = 0.005,p =
1.0 Fig. 6). In summary, cultivation of Lemna minor on pH modified ADF
effluent did not appear to induce general plant stress in relation to en-
ergy capture, use or quenching.
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3.5. Lemna minor impacts on wastewater nutrient removal

As discussed in Section 3.1, the AD-ADF system alone achieved sig-
nificant NH3-N reduction (83 %), but the effluent still retained sufficient,
bioavailable nitrogen concentrations to support duckweed growth as
outlined above. Fig. 8 presents a comparative graphical summary of
nutrient removal impacts of the industrial AD, laboratory AD-ADF sys-
tem and, Lemna minor growth on pH modified AD-ADF effluent. Inte-
gration of duckweed cultivation enhanced the remediation performance
of the overall system (Table 1) resulting in TN removal of 96.5 %, with
99 % removal of residual NH3-N and 99.5 % removal of the residual
NO3-N generated in the AD-ADF system. TP removal was also improved
with duckweed incorporation and increased to 73 %. Scaling of the
duckweed TN removal rates (mg N m~2 d_l) under the conditions tested
suggest a potential capacity of 402-931 mg N m~2d ™!, which aligns well
with previously reported rates 124-4400 mg N m~2 d~! in other treat-
ment settings ([43]; J. [44-46]). However, it is likely that our study
underestimates the maximal possible rate as the efficiency of the AD-
ADF system resulted in limited nitrogen availability overall. This may
be of relevance to the demonstrated phosphate uptake capacity also,
which is linked to nitrogen metabolism in Lemna growth. The duckweed
TP uptake rate is normally lower than the TN uptake rate [44]. Indeed,
the ratio of N:P concentrations in duckweed is usually 5:1 [47], which
reflects the ratio in which plants need these nutrients [48]. However, in
the ADF reactor effluent this ratio was closer to 2:1. Thus further work
would be required to optimise the ratios to maximise plant biomass
yields and corresponding nitrogen and phosphorus uptake. For example,
addition of an auxiliary nitrogen source such as urea could accelerate
phosphate uptake [49].

3.6. Conclusion

This is the first report on the integration of acidogenic AD and ADF
bioreactors with duckweed cultivation for potential, sustainable biore-
mediation of dairy processing wastewater. The AD-ADF system provides
several potential advantages over traditional, multistep biological
treatment configurations and chemical sludge precipitation including
reduced infrastructural demands, energy input, chemical costs and
sludge generation management. When coupled with downstream
duckweed cultivation the system also allows for biomass generation
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Fig. 6. Mean RGR (d!) + SE of L. minor grown on AD-ADF wastewater effluent vs. concentration of NHz-N (mM). ‘High’ pH denotes values from 8.6 to 8.8 and ‘low’
pH denotes values from 4.9 to 5.1. Trendlines are fitted as per multiple linear regression analysis.



E. Walsh et dl.

(a)

0.6 1

0.4 1

Fv/IFm

0.2 4

0.0 4

(

O
~

0.4 4

0.3 1

0.2 4

Y(NO)

0.1+

0.0 4

T T

DO D7

Journal of Water Process Engineering 67 (2024) 106290

D7
D7

—
=2
~

0.20

0.15

Y(I1)

0.10 4

0.05 4

0.00

(d) os]

0.3 4

Y(NPQ)

0.2 1

0.1

0.0 4

DO
DO

Day 0 . Day 7 .

Fig. 7. Mean (£SE) (a) Fy/Fp, (b) Y(ID, (c) Y(NPQ), (d) Y(NO) on day 0 and day 7 for L. minor grown for 7 days on ADF effluent.

150

100 [ ]

50+

-50-

® Industrial AD Effluent
m Lab AD-ADF Effluent
A  Duckweed Effluent

od i .}E

100-lomp S

% Variance from Untreated Wastewater

Q QO .7
O OV W A 2 A
(@) 9 va > O X2
Q I~ & QO F o
<0

Fig. 8. Impact of industrial AD, Lab AD-ADF and duckweed cultivation on wastewater nutrient composition calculated as % variance from untreated wastewater
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with a high protein content suited to food/feed applications [50]. The
system demonstrated excellent nutrient remediation with real time
wastewater. Microbial community profiling and predictive functional
modelling suggested atypical bacterial orders and genera dominated the
ADF reactor ecology and nitrogen metabolism performance, with novel
associations for genus Macellibacteriales and Rikenellacea in PO4-P
metabolism. As this study focused on food grade, dairy processing
wastewaters, pathogenic bacteria were not anticipated or observed in
community profiles of the industrial or laboratory systems. However,
application of this approach to other agri-sector wastestreams with
faecal bacterial contamination (e.g. meat processing wastewater) would
need to evaluate the potential for pathogen transmission to duckweed or
duckweed derived nutrition products. Duckweed cultivation on the AD-
ADF system effluent contributed significant residual NH3-N and NO3-N
uptake, with more modest impacts on PO4-P levels. However, a key
novel insight was established with respect to plant toxicity in response to
alkalinity and NH3-N concentration when cultivated on such effluents,

together with positive impacts of pH modification. In conclusion sus-
tainable growth and environmental impact mitigation are major issues
facing the global dairy industry. Biotechnological opportunities and
approaches to re-envisage dairy processing wastewater as an energy and
bioresource reservoir have begun to be widely explored. However, the
key evolutionary step for such research is the integration of compatible,
biorecovery technologies to provide platforms for biorefinery design and
development. Here we provide valuable, practical insights into the
performance capacity and technical challenges to effective integration
of microbial bioreactor systems with duckweed cultivation. While our
study presents a laboratory scale, proof of concept evaluation, the
combined nutrient remediation impact of this novel technological
approach shows great potential. Next stage, pilot-scale trials, incorpo-
rating industrially relevant parameters, will further establish the feasi-
bility of this technology to deliver the stringent wastewater remediation
demands faced by the sector with opportunities for value added
biorecovery.



E. Walsh et dl.
CRediT authorship contribution statement

Eamonn Walsh: Writing — original draft, Methodology, Investiga-
tion, Formal analysis, Data curation. Lekha Menon Margassery:
Investigation, Data curation. Alejandro Rodriguez-Sanchez: Writing —
original draft, Visualization, Software, Data curation. David Wall: Re-
sources, Funding acquisition, Conceptualization. Paul Bolger: Project
administration, Funding acquisition, Conceptualization. Marcel A.K.
Jansen: Writing — review & editing, Writing — original draft, Supervi-
sion, Resources, Project administration, Funding acquisition, Concep-
tualization. Niall O’Leary: Writing — review & editing, Writing —
original draft, Supervision, Resources, Project administration, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Link to Next generation sequencing data has been provided in the
methods section of the manuscript.

Acknowledgements

The authors wish to thank the Irish Environmental Protection
Agency (grant 2016-W-LS-11) for funding this study.

References

[1

—

E. Muehlhoff, A. Bennett, D. McMahon, n.d.. Milk and Dairy Products in Human
Nutrition, Food and Agriculture Organisation of the United Nations (FAO), Rome,
2013.

OECD-FAO, OECD-FAO Agricultural Outlook 2023-2032, OECD, 2023, https://doi.
org/10.1787/08801ab7-en.

F. Carvalho, A.R. Prazeres, J. Rivas, Cheese whey wastewater: characterization and
treatment, Sci. Total Environ. 445-446 (2013) 385-396, https://doi.org/10.1016/
j.scitotenv.2012.12.038.

A. Rodriguez-Sanchez, B. Gil-Pulido, P. Leonard, W. Finnegan, X. Zhan, A.D.

W. Dobson, N. O’Leary, Treatment of dairy wastewater using intermittent-aeration
sequencing batch reactor at pilot-scale, Bioresour. Technol. Rep. 26 (2024)
101864, https://doi.org/10.1016/j.biteb.2024.101864.

T. Ahmad, R.M. Aadil, H. Ahmed, U. ur Rahman, B.C.V. Soares, S.L.Q. Souza, T.
C. Pimentel, H. Scudino, J.T. Guimaraes, E.A. Esmerino, M.Q. Freitas, R.B. Almada,
S.M.R. Vendramel, M.C. Silva, A.G. Cruz, Treatment and utilization of dairy
industrial waste: a review, Trends Food Sci. Technol. 88 (2019) 361-372, https://
doi.org/10.1016/j.tifs.2019.04.003.

A. Kolev Slavov, Dairy wastewaters — general characteristics and treatment
possibilities — a review, Food Technol. Biotechnol. 55 (2017), https://doi.org/
10.17113/1tb.55.01.17.4520.

J. Bunce, E. Ndam, I. Ofiteru, A. Moore, D. Graham, A review of phosphorus
removal technologies and their applicability to small-scale domestic wastewater
treatment systems, Front. Environ. Sci. 6 (2018), https://doi.org/10.3389/
fenvs.2018.00008.

A.A. Feil, D. Schreiber, C. Haetinger, A.M. Haberkamp, J.I. Kist, C. Rempel, A.

E. Maehler, M.C. Gomes, G.R. da Silva, Sustainability in the dairy industry: a
systematic literature review, Environ. Sci. Pollut. Res. 27 (2020) 33527-33542,
https://doi.org/10.1007/511356-020-09316-9.

W. Shi, O. Fenton, S.M. Ashekuzzaman, K. Daly, J.J. Leahy, N. Khalaf, Y. Hu,

K. Chojnacka, C. Numviyimana, M.G. Healy, An examination of maximum legal
application rates of dairy processing and associated STRUBIAS fertilising products
in agriculture, J. Environ. Manag. 301 (2022) 113880, https://doi.org/10.1016/j.
jenvman.2021.113880.

M.E. Lépez-Mosquera, C. Moirdn, E. Carral, Use of dairy-industry sludge as
fertiliser for grasslands in northwest Spain: heavy metal levels in the soil and
plants, Resour. Conserv. Recycl. 30 (2000) 95-109, https://doi.org/10.1016/
S0921-3449(00)00058-6.

L. Serafim, P. Lemos, R. Oliveira, M. Reis, Optimization of polyhydroxybutyrate
production by mixed cultures submitted to aerobic dynamic feeding conditions,
Biotechnol. Bioeng. 87 (2004) 145-160, https://doi.org/10.1002/bit.20085.

A. Minescu, D. Wall, J. Murphy, A. Dobson, Niall O’Leary, Biopolymer Production
From Irish Dairy Industry Wastewaters, 2016.

A.M. Shackira, K. Jazeel, J.T. Puthur, Chapter 13 - phycoremediation and
phytoremediation: promising tools of green remediation, in: V. Kumar Mishra,

[2]

[3]

[4]

[5]

[6

s}

[7]

[8]

[91

[10]

[11]

[12]

[13]

10

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Journal of Water Process Engineering 67 (2024) 106290

A. Kumar (Eds.), Sustainable Environmental Clean-up, Elsevier, 2021,

pp. 273-293, https://doi.org/10.1016/B978-0-12-823828-8.00013-X.

M. Ma, Z. Yu, L. Jiang, Q. Hou, Z. Xie, M. Liu, S. Yu, H. Pei, Alga-based dairy
wastewater treatment scheme: candidates screening, process advancement, and
economic analysis, J. Clean. Prod. 390 (2023) 136105, https://doi.org/10.1016/j.
jclepro.2023.136105.

M. Hemalatha, S. Venkata Mohan, Duckweed biorefinery — potential to remediate
dairy wastewater in integration with microbial protein production, Bioresour.
Technol. 346 (2022) 126499, https://doi.org/10.1016/j.biortech.2021.126499.
E. Walsh, L. Margassery, N. Coughlan, R. Broughton, H. Kunhold, A. Fricke,

G. Burnell, M. O’Mahoney, D. Wall, P. Bolger, N. O’Leary, M. Jansen, Innovative
Valorisation of Dairy Processing Wastewater Using a Circular Economy Approach
(Newtrients), 2022.

Y. Zhao, Y. Fang, Y. Jin, J. Huang, S. Bao, T. Fu, Z. He, F. Wang, H. Zhao, Potential
of duckweed in the conversion of wastewater nutrients to valuable biomass: a pilot-
scale comparison with water hyacinth, Bioresour. Technol. 163 (2014) 82-91,
https://doi.org/10.1016/j.biortech.2014.04.018.

E. Lahive, J. O’Halloran, M.A.K. Jansen, Frond development gradients are a
determinant of the impact of zinc on photosynthesis in three species of Lemnaceae,
Aquat. Bot. 101 (2012) 55-63, https://doi.org/10.1016/j.aquabot.2012.04.003.
E. Walsh, E. Cialis, E. Dillane, M.A.K. Jansen, Lemnaceae clones collected from a
small geographic region display diverse traits relevant for the remediation of
wastewater, Environ. Technol. Innov. 28 (2022) 102599, https://doi.org/10.1016/
j.eti.2022.102599.

E. Walsh, S. Paolacci, G. Burnell, M.A.K. Jansen, The importance of the calcium-to-
magnesium ratio for phytoremediation of dairy industry wastewater using the
aquatic plant Lemna minor L, Int. J. Phytoremediation 22 (2020) 694-702, https://
doi.org/10.1080/15226514.2019.1707478.

H.M. Easlon, A.J. Bloom, Easy leaf area: automated digital image analysis for rapid
and accurate measurement of leaf area, Appl. Plant Sci. 2 (2014) 1400033, https://
doi.org/10.3732/apps.1400033.

E. Walsh, S. Paolacci, G. Burnell, M.A.K. Jansen, The importance of the calcium-to-
magnesium ratio for phytoremediation of dairy industry wastewater using the
aquatic plant Lemna minor L, Int. J. Phytoremediation 22 (2020) 694-702, https://
doi.org/10.1080/15226514.2019.1707478.

E. Rice, R. Baird, A. Eaton, Standard Methods for the Examination of Water and
Wastewater vol. 21, American Public Health Association (APHA); American Water
Works Association (AWWA); Water Environmental Federation (WEF), Washington,
DC, USA, 2005.

B. Gil-Pulido, E. Tarpey, E.L. Almeida, W. Finnegan, X. Zhan, A.D.W. Dobson,

N. O’Leary, Evaluation of dairy processing wastewater biotreatment in an IASBR
system: aeration rate impacts on performance and microbial ecology, Biotechnol.
Rep. 19 (2018) e00263, https://doi.org/10.1016/j.btre.2018.00263.

A. Klindworth, E. Pruesse, T. Schweer, J. Peplies, C. Quast, M. Horn, F.O. Glockner,
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies, Nucleic Acids Res. 41 (2013) el,
https://doi.org/10.1093/nar/gks808.

P.D. Schloss, A.J. Mcbain, Reintroducing Mothur: 10 Years Later Downloaded
from, 2020 doi:10.1128/AEM.

P.D. Schloss, S.L. Westcott, T. Ryabin, J.R. Hall, M. Hartmann, E.B. Hollister, R.
A. Lesniewski, B.B. Oakley, D.H. Parks, C.J. Robinson, J.W. Sahl, B. Stres, G.

G. Thallinger, D.J. Van Horn, C.F. Weber, Introducing mothur: open-source,
platform-independent, community-supported software for describing and
comparing microbial communities, Appl. Environ. Microbiol. 75 (2009)
7537-7541, https://doi.org/10.1128/AEM.01541-09.

T. Rognes, T. Flouri, B. Nichols, C. Quince, F. Mahé, VSEARCH: a versatile open
source tool for metagenomics, PeerJ 2016 (2016), https://doi.org/10.7717/
peer;j.2584.

G.M. Douglas, V.J. Maffei, J.R. Zaneveld, S.N. Yurgel, J.R. Brown, C.M. Taylor,
C. Huttenhower, M.G.I. Langille, PICRUSt2 for prediction of metagenome
functions, Nat. Biotechnol. 38 (2020) 685-688, https://doi.org/10.1038/541587-
020-0548-6.

V.M. Markowitz, .LM.A. Chen, K. Palaniappan, K. Chu, E. Szeto, Y. Grechkin,

A. Ratner, B. Jacob, J. Huang, P. Williams, M. Huntemann, I. Anderson,

K. Mavromatis, N.N. Ivanova, N.C. Kyrpides, IMG: the integrated microbial
genomes database and comparative analysis system, Nucleic Acids Res. 40 (2012),
https://doi.org/10.1093/nar/gkr1044.

P. Barbera, A.M. Kozlov, L. Czech, B. Morel, D. Darriba, T. Flouri, A. Stamatakis,
EPA-ng: massively parallel evolutionary placement of genetic sequences, Syst. Biol.
(2019), https://doi.org/10.1093/sysbio/syy054.

L. Czech, A. Stamatakis, Scalable methods for analyzing and visualizing
phylogenetic placement of metagenomic samples, PLoS One 14 (2019), https://
doi.org/10.1371/journal.pone.0217050.

N. Koirala, E.A. Odey, Q. Lu, H.I. Iu, K.S. Lok, H. Shim, Stimulatory effect of
magnesium supplement on anaerobic co-digestion of food waste and domestic
wastewater, J. Water Process Eng. 40 (2021) 101773, https://doi.org/10.1016/j.
jwpe.2020.101773.

F. Valentino, G. Moretto, L. Lorini, D. Bolzonella, P. Pavan, M. Majone, Pilot-scale
polyhydroxyalkanoate production from combined treatment of organic fraction of
municipal solid waste and sewage sludge, Ind. Eng. Chem. Res. 58 (2019)
12149-12158, https://doi.org/10.1021/acs.iecr.9b01831.

M.G.I. Langille, J. Zaneveld, J.G. Caporaso, D. McDonald, D. Knights, J.A. Reyes, J.
C. Clemente, D.E. Burkepile, R.L. Vega Thurber, R. Knight, R.G. Beiko,

C. Huttenhower, Predictive functional profiling of microbial communities using
16S rRNA marker gene sequences, Nat. Biotechnol. 31 (2013) 814-821, https://
doi.org/10.1038/nbt.2676.


http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0005
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0005
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0005
https://doi.org/10.1787/08801ab7-en
https://doi.org/10.1787/08801ab7-en
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1016/j.biteb.2024.101864
https://doi.org/10.1016/j.tifs.2019.04.003
https://doi.org/10.1016/j.tifs.2019.04.003
https://doi.org/10.17113/ftb.55.01.17.4520
https://doi.org/10.17113/ftb.55.01.17.4520
https://doi.org/10.3389/fenvs.2018.00008
https://doi.org/10.3389/fenvs.2018.00008
https://doi.org/10.1007/s11356-020-09316-9
https://doi.org/10.1016/j.jenvman.2021.113880
https://doi.org/10.1016/j.jenvman.2021.113880
https://doi.org/10.1016/S0921-3449(00)00058-6
https://doi.org/10.1016/S0921-3449(00)00058-6
https://doi.org/10.1002/bit.20085
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0060
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0060
https://doi.org/10.1016/B978-0-12-823828-8.00013-X
https://doi.org/10.1016/j.jclepro.2023.136105
https://doi.org/10.1016/j.jclepro.2023.136105
https://doi.org/10.1016/j.biortech.2021.126499
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0080
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0080
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0080
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0080
https://doi.org/10.1016/j.biortech.2014.04.018
https://doi.org/10.1016/j.aquabot.2012.04.003
https://doi.org/10.1016/j.eti.2022.102599
https://doi.org/10.1016/j.eti.2022.102599
https://doi.org/10.1080/15226514.2019.1707478
https://doi.org/10.1080/15226514.2019.1707478
https://doi.org/10.3732/apps.1400033
https://doi.org/10.3732/apps.1400033
https://doi.org/10.1080/15226514.2019.1707478
https://doi.org/10.1080/15226514.2019.1707478
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0115
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0115
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0115
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0115
https://doi.org/10.1016/j.btre.2018.e00263
https://doi.org/10.1093/nar/gks808
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0130
http://refhub.elsevier.com/S2214-7144(24)01522-8/rf0130
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/gkr1044
https://doi.org/10.1093/sysbio/syy054
https://doi.org/10.1371/journal.pone.0217050
https://doi.org/10.1371/journal.pone.0217050
https://doi.org/10.1016/j.jwpe.2020.101773
https://doi.org/10.1016/j.jwpe.2020.101773
https://doi.org/10.1021/acs.iecr.9b01831
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676

E. Walsh et dl.

[36]

371

[38]

[39]

[40]

[41]

[42]

K. Ahn, A. Kornberg, Polyphosphate kinase from Escherichia coli. Purification and
demonstration of a phosphoenzyme intermediate, J. Biol. Chem. 265 (1990)
11734-11739, https://doi.org/10.1016/50021-9258(19)38459-5.

X.-Y. Fan, J.-F. Gao, K.-L. Pan, D.-C. Li, H.-H. Dai, Temporal dynamics of bacterial
communities and predicted nitrogen metabolism genes in a full-scale wastewater
treatment plant, RSC Adv. 7 (2017) 56317-56327, https://doi.org/10.1039/
C7RA10704H.

A. Singh, V.K. Yadav, R.S. Chundawat, R. Soltane, N.S. Awwad, H.A. Ibrahium, K.
K. Yadav, S.I. Vicas, Enhancing plant growth promoting rhizobacterial activities
through consortium exposure: a review, Front. Bioeng. Biotechnol. 11 (2023),
https://doi.org/10.3389/fbioe.2023.1099999.

M. Stokholm-Bjerregaard, S.J. Mcllroy, M. Nierychlo, S.M. Karst, M. Albertsen, P.
H. Nielsen, A critical assessment of the microorganisms proposed to be important
to enhanced biological phosphorus removal in full-scale wastewater treatment
systems, Front. Microbiol. 8 (2017), https://doi.org/10.3389/fmicb.2017.00718.
J. Caicedo, N. van der Steen, O. Arce, H. Gijzen, Effect of total ammonia nitrogen
concentration and pH on growth rates of duckweed (Spirodela polyrrhiza), Water
Res. 34 (2000) 3829-3835, https://doi.org/10.1016/50043-1354(00)00128-7.

S. Korner, S.K. Das, S. Veenstra, J.E. Vermaat, The effect of pH variation at the
ammonium/ammonia equilibrium in wastewater and its toxicity to Lemna gibba,
Aquat. Bot. 71 (2001) 71-78, https://doi.org/10.1016/50304-3770(01)00158-9.
A. Oukarroum, F. Bussotti, V. Goltsev, H.M. Kalaji, Correlation between reactive
oxygen species production and photochemistry of photosystems I and II in Lemna
gibba L. plants under salt stress, Environ. Exp. Bot. 109 (2015) 80-88, https://doi.
org/10.1016/j.envexpbot.2014.08.005.

11

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Journal of Water Process Engineering 67 (2024) 106290

L. Benjawan, T. Koottatep, Nitrogen removal in recirculated duckweed ponds
system, Water Sci. Technol. 55 (2007) 103-110, https://doi.org/10.2166/
wst.2007.360.

J. Cheng, L. Landesman, B.A. Bergmann, J.J. Classen, J.W. Howard, Y.

T. Yamamoto, Nutrient removal from swine lagoon liquid by Lemna minor 8627,
Trans. ASAE 45 (2002), https://doi.org/10.13031/2013.9953.

S. Korner, J.E. Vermaat, The relative importance of Lemna gibba L., bacteria and
algae for the nitrogen and phosphorus removal in duckweed-covered domestic
wastewater, Water Res. 32 (1998) 3651-3661, https://doi.org/10.1016/50043-
1354(98)00166-3.

R.A. Mohedano, R.H.R. Costa, F.A. Tavares, P. Belli Filho, High nutrient removal
rate from swine wastes and protein biomass production by full-scale duckweed
ponds, Bioresour. Technol. 112 (2012) 98-104, https://doi.org/10.1016/j.
biortech.2012.02.083.

G.J. Alaerts, R. Mahbubar, P. Kelderman, Performance analysis of a full-scale
duckweed-covered sewage lagoon, Water Res. 30 (1996) 843-852, https://doi.org/
10.1016/0043-1354(95)00234-0.

S. Giisewell, N : P ratios in terrestrial plants: variation and functional significance,
New Phytol. 164 (2004) 243-266, https://doi.org/10.1111/j.1469-
8137.2004.01192.x.

L. Ramanna, A. Guldhe, I. Rawat, F. Bux, The optimization of biomass and lipid
yields of Chlorella sorokiniana when using wastewater supplemented with
different nitrogen sources, Bioresour. Technol. 168 (2014) 127-135, https://doi.
org/10.1016/j.biortech.2014.03.064.

K.-J. Appenroth, K.S. Sree, V. Bohm, S. Hammann, W. Vetter, M. Leiterer,

G. Jahreis, Nutritional value of duckweeds (Lemnaceae) as human food, Food
Chem. 217 (2017) 266-273, https://doi.org/10.1016/j.foodchem.2016.08.116.


https://doi.org/10.1016/S0021-9258(19)38459-5
https://doi.org/10.1039/C7RA10704H
https://doi.org/10.1039/C7RA10704H
https://doi.org/10.3389/fbioe.2023.1099999
https://doi.org/10.3389/fmicb.2017.00718
https://doi.org/10.1016/S0043-1354(00)00128-7
https://doi.org/10.1016/S0304-3770(01)00158-9
https://doi.org/10.1016/j.envexpbot.2014.08.005
https://doi.org/10.1016/j.envexpbot.2014.08.005
https://doi.org/10.2166/wst.2007.360
https://doi.org/10.2166/wst.2007.360
https://doi.org/10.13031/2013.9953
https://doi.org/10.1016/S0043-1354(98)00166-3
https://doi.org/10.1016/S0043-1354(98)00166-3
https://doi.org/10.1016/j.biortech.2012.02.083
https://doi.org/10.1016/j.biortech.2012.02.083
https://doi.org/10.1016/0043-1354(95)00234-0
https://doi.org/10.1016/0043-1354(95)00234-0
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1016/j.biortech.2014.03.064
https://doi.org/10.1016/j.biortech.2014.03.064
https://doi.org/10.1016/j.foodchem.2016.08.116

	Integration of microbial bioreactors and Lemna minor cultivation for sustainable treatment of dairy processing wastewater
	1 Introduction
	2 Materials and methods
	2.1 Dairy processing wastewater
	2.2 AD-ADF laboratory scale treatment system
	2.3 Duckweed strain and cultivation conditions
	2.4 Effluent pH and [NH3−N] modification
	2.5 Duckweed growth and stress monitoring
	2.6 Water quality measurements
	2.7 Biomass DNA extraction and 16S amplicon library preparation and sequencing
	2.8 Bioinformatic analyses

	3 Results and discussion
	3.1 Wastewater remediation performance of the laboratory AD-ADF system
	3.2 ADF microbial community dynamics over time
	3.3 PICRUST modelling of temporal shifts in community metabolic function related to wastewater remediation
	3.4 Optimisation of duckweed growth on wastewater
	3.5 Lemna minor impacts on wastewater nutrient removal
	3.6 Conclusion

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


