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ABSTRACT

Pre-oxidation can be used against cyanobacteria at the water treatment plant intake to improve cell removal
efficiency in down flow processes and reduce cyanotoxins concentrations. In this study, shotgun metagenomic
sequencing was used to describe the functional capacity of a cyanobacterial bloom (at Lake Champlain, southern
Quebec, Canada) before and after pre-oxidation using Cly, KMnO4 and HyO,. The bloom samples were associated
with two functional profile assemblages: that of August 1st (onset of the bloom) characterized by enrichment of
genes related to nutrient uptake and that of August 13th-29th (towards the end of the sampling) associated with
competition for resources and repair such as Photosynthesis, Protein metabolism and DNA metabolism. Different
functional profile responses to oxidation with Clg, KMnO4 and HyO, was also identified as two-time points during
the bloom (at the August 1st, and August 29th). On August 1st, chlorinated samples showed a progressive shift in
functional profile: starting by acquiring and sequestering nutrient sources (e.g. Iron acquisition, carbohydrates)
at low chlorine exposure (CT, concentration X contact time) level, followed by showing a stronger tendency
toward dormancy and sporulation genes at high CT. Our results showed that following high CT of HO,, the
relative abundance of the cyanobacterial biomarkers decreased, regardless of the dominant cyanobacterial genus.
The toxicity of the bloom before and after oxidation samples was assessed by droplet digital PCR (ddPCR) to
measure the mcyD gene. Our results showed significant positive correlation between the mcyD gene copies
number and microcystin concentrations in the bloom samples (before the oxidation). However, such correlation
was not observed after oxidation. These results suggest that ddPCR can only be used to evaluate bloom toxicity
before oxidation.

1. Introduction

bioaccumulate in fish and shellfish and are poisonous to nearly all
livestock, wildlife and humans [6, 7]. Cyanobacteria metabolites can

Cyanobacterial blooms and water bodies eutrophication are
happening more frequently due to increasing temperatures (climate
change) and human activities (nutrient management in the watershed)
[1, 2]. Over 40 toxic cyanobacterial species are known to produce five
major groups of cyanotoxins (microcystin, anatoxin, saxitoxin, cylin-
drospermopsin and f-Methylamino-L-alanine) [3-5]. Cyanotoxins
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also lead to taste and odor (T&O) problems [8-10]. The most commonly
detected T&O compounds are geosmin and 2-methylisoborneol (MIB).
Cyanobacterial cells and their metabolites (cyanotoxins-T&O) pose a
challenge to the drinking water treatment processes [10-12]. Cyano-
bacteria entering and accumulating within the plant can be dampened
using pre-oxidation. Pre-oxidation has been proposed as a tool to
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prevent the accumulation of cyanobacteria and cell-bound toxin in
sludge using ozone [13, 14], HyO2 [15, 16], KMnO4 [17-19] and Cl3 [8,
18, 20]. The oxidation efficiency to degrade cyanobacterial cells and
their associated harmful metabolites may vary according to the presence
of different bacterial communities, growth phase, cell agglomeration
and background water quality parameters such as pH and dissolved
organic matter [21-24]. Considering cyanobacterial blooms’ complex
dynamics, the improvement of oxidation efficiency requires an under-
standing of the cyanobacterial structural and functional profile in
response to oxidation processes. The fate of bacterial communities
associated with cyanobacterial bloom have been studied using molec-
ular tools such as high throughput sequencing [25-31] 16S rRNA
[31-35] and polymerase chain reaction (PCR) [26, 31, 35-38].

The analysis of functional structure of bacterial communities using
high throughput metagenomic shotgun sequencing can provide insights
on how a community may respond and adapt to the imposed stress
(chemical oxidation). Gomez-Smith et al. (2017) [39] highlighted the
importance of microbial functions (e.g. nitrification) in drinking water
treatment. For the cyanobacterial community, several studies have
focused on succession (for nutrient up take), co-presence of nitrogen
fixation, inorganic phosphorous scavenging, and toxin-producing strains
in cyanobacterial blooms [40]. Limited studies have focused on the
functional structure of the bacterial community and metabolic functions
such as phosphorous and nitrogen metabolisms, cell division and cell
cycle [41-44]. A high relative abundance of nitrite/nitrate reductase was
identified in an early summer bloom dominated by Aphanizome-
non/Dolichospermum in lake Utah [42]. At the same time, severe nutrient
starvation was observed for phosphorus and carbohydrate metabolisms
[42]. Shi et al. (2017) studied the functional structure of a cyano-
bacterial bloom (Lake Taihu) during a 95-day microcosm experiment.
Results showed an increase in nitrogen, amino acid-related, pyruvate
and methane metabolisms during lysis of the cyanobacterial community
[45]. The microbial functional composition has been studied in stratified
drinking water reservoir [46], ice-covered lakes [47] sewage sludge
[48] and a river [49]. Shilei et al. (2020) [46] reported that dissolved
oxygen, pH, temperature, nitrate, ammonia, total phosphorous, and
chlorophyll-a were the critical factors in the drinking water reservoir’s
structural and functional composition. Shilei et al. (2020) [46] observed
that metabolic functions such as cell growth and death, energy meta-
bolism and environmental adaptation were enriched in the reservoir’s
mixing period compared to the stratified condition [46]. Also, results
from Shilei et al. (2020) [46] suggested that total dissolved phospho-
rous, NH4 ", pH, dissolved oxygen, and temperature have an impact on
the functional bacterial profile of a stratified reservoir. Besides the
functional capacity, cyanobacterial bloom toxicity can be evaluated
using a targeted PCR to quantify toxin-producing genes in cyanobacte-
rial bloom. Microcystin (MC) producing cyanobacteria carries the mcy
genes. Ten mcy (A-J) genes were identified as MC synthesis genes [50].
Previous studies have suggested that the monitoring of mcyD gene could
be an appropriate approach to predict toxic cyanobacterial bloom in
water resources [37, 51, 52].

To our knowledge, no study has focused on the functional capacity of
the cyanobacterial bloom following drinking water treatment processes
such as chemical oxidation. Understanding the functional profile of
cyanobacterial bloom before and after oxidation provide an insight into
the mechanism of oxidation and a stronger basis to predict treatment
efficacy. The objectives of this study were to 1) determine the functional
capacity of bacterial communities associated with a cyanobacterial
bloom before and after oxidation (Cl, KMnO4, H203) using high
throughput metagenomic shotgun sequencing, and 2) quantify mcyD
gene copies number using ddPCR and investigate ddPCR capability to
evaluate cyanobacterial bloom toxicity (microsystin total) before and
oxidation.
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2. Material and methods
2.1. Sampling site description

Cyanobacterial bloom samples were collected over the intake (sur-
face) of the Bedford drinking water production plant (Missisquoi Bay,
Lake Champlain) in southern Quebec, Canada. Samples were collected
on August 1st, 13th, 15th, 21st, 29th of 2018. Cyanobacterial blooms
have been previously reported from this site [11, 21, 53, 54]. The bloom
started in late July and lasted until mid-September based on the
real-time PC probes installed on-site (data not shown). Dominant species
transitions were previously reported during cyanobacterial bloom
monitoring in Lake Champlain [53]. Samples were collected in brown
PETG bottles and transferred to the laboratory. The oxidation assays
were conducted on the same day of sampling to decrease the impact of
biodegradation.

2.2. Chemicals and reagents

The oxidation assays were performed using chlorine (0.2 and 0.6
mg/L), permanganate (5 mg/L), and hydrogen peroxide (10 mg/L).
Detailed protocols to prepare the stock solutions and quenching reagents
can be found in [55]. The selection of doses (concentration) and contact
time was based on the common pre-oxidation doses and contact time
used in the operation of the drinking water treatment plant.

Oxidant exposures (i.e. concentration(C) X contact time (T) (CT))
were calculated using Equation 1:

t
CT = /[Oxidant]dt =

0

Co

(efent — 1) €))

decay

Where kdecay (min~!) is the first-order decay rate of the oxidant, t
(min) is the contact time, and Cy (mg/L) is the initial concentration of
oxidant at time zero.

The oxidation assays were conducted separately but at the same day
(same cyanobacterial bloom for each day) for two different dates
(August 1st and August 29th).

2.3. DNA extraction, metagenomic libraries preparation, bioinformatics
and statistical analysis

Nucleic acid (DNA and RNA) was extracted from the filters using
RNeasy power kits (Qiagen Group, Germantwon, MD, USA). 200 uL of
nuclease-free water and 5uL of TATAA Universal DNA spike II (TATAA
Biocenter AB) were added to evaluate extraction yields using real time
qPCR. More details in DNA extraction and metagenomics sequencing
procedure are presented in Moradinejad et al. (2020) [55]. Cyano-
bacterial bloom samples (before oxidation for all five days) and after
oxidation samples for two dates (August 1st and August 29th) were
sequenced and presented in this study. Variations in species community
and diversity were evaluated with heat trees using the Metacoder (0.3.3)
[56]. The function of protein fragments were identified by retrieving the
best hits through SEED Subsystems [57], KEGG [58] and COG [59]
databases. The Pearson correlation coefficient for binary data was
calculated to measure the association within taxa and between
taxa-and-functional reads, according to Pearson [60] and Janson and
Vegelius [61]. Pearson correlation coefficients (P-value <0.01) were
calculated in R to determine the correlation of microbial taxa (phylum
level) with the main functional subsystems (level 1) before and after
chlorination. The relative abundances of both taxonomic profile func-
tional capacities were normalized before the correlation analysis. Mul-
tiple zeros were treated by adding small constant or pseudo-count to all
the elements [62]. Detailed methodology for statistical analysis and
permutation test is presented in Moradinejad et al. (2020) [55].
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2.4. ddPCR

Detection primers of the mcyD gene involved in microcystin pro-
duction were as follows: mcyD(KS)F1: 5-TGGGGATGGACTCTCT-
CACTTC-3" and mcyD(KS)R1: 5" GGCTTCAACATTCGGAAAACG-3' [37].
Equal concentration of DNA 1.0 ng/pL were used for ddPCR analysis.
The PCR mixture consisted of 12. 5 pL Bio-Rad 2x QX200 ddPCR Eva-
Green® Supermix (SM) (BioRad Laboratories Ltd, Mississauga, ON),
mcyD (KS) primers at a final concentration of 0.1 pM, 0.2 mg/mL BSA
and genomic DNA input concentrations ranging from 1 to 5 ng DNA per
25puL ddPCR reaction. Sample mixtures were vortexed gently avoiding
the formation of bubbles, centrifuged for 20 s, then kept on ice until
droplet generation. Samples were packaged into droplets by adding 20
pL of the PCR mixture in each sample well of the single-use DG8 car-
tridge followed by addition of 70 pL of droplet generation oil for Eva-
GreenR to each of the corresponding oil wells. The cartridge was then
placed into the QX200 droplet generator for droplet production. Forty
microliters of generated droplets were transferred from the cartridge to a
semi-skirted ddPCR 96-well plate (Bio-Rad). Samples were successively
prepared in cartridges by groups of eight, transferred to the PCR plate
and subsequently heat sealed with a pierceable foil seal. The plate was
transferred to a thermal cycler and reactions were run under the
following standard cycling conditions: 95 °C for 10 min followed by 40
cycles of 94 °C for 30 s; 55 °C for 60 s, 98 °C for 10 min, and 4 °C hold;
ramp rate = 50% (2 °C/sec). Upon completion of the PCR phase, plates
were loaded onto the QX200 Droplet Digital reader, which automati-
cally reads the droplets from each well of the plate (17 000 dro-
plets/well). Data analysis was performed using QuantasoftTM software
(Bio-Rad). Negative droplets, lacking target and/or reference gene DNA,
and positive droplets, containing either or both DNAs, were counted to
give the fraction of positive droplets. Using Poisson statistics, the con-
centrations of both DNA were determined, and copies/ng calculated.

2.5. Microcystin analysis

Microcystin concentrations (intracellular and extracellular) were
measured using an on-line solid-phase extraction ultra-high-
performance liquid chromatography coupled to tandem mass spec-
trometry (On-line SPE-UHPLC-MS/MS, Thermo TSQ Quantiva). Micro-
cystin measurements were performed on a Thermo Hypersil Gold C18
column (100 mm x 2.1 mm, 1.9 pym particle size). Further details on the
cyanotoxin measurement methods can be found in Munoz, et al. [63]
and Roy-Lachapelle, et al. [64].

2.6. Analysis of RNA integrity following exposure to oxidants

The impact of oxidants on the integrity of nucleic acids was analyzed
by measuring total RNA (cultured cyanobacteria) after exposure to ox-
idants. Microcystis Aeruginosa strain CPCC 300 and Dolichospermum
strain CPCC 544 were cultured in BG-11 medium at 21°C under 12-hr
rotating light-darkness at an intensity of 70 ymol § ~ ! m ~ 2. Cultures
were harvested at stationary phase and spiked into intake water from the
Saint Jean Sur Richelieu (Quebec, Canada) water treatment plant (6-7
mg/L of dissolved organic carbon (DOC) and pH of 7 — 7.5). A mix of
200,000 cell/mL of Microcystis (50%) and Dolichospermum (50%) was
used. Cl; was added at 3 mg/L for contact times of 2 min, 5 min, 30 min,
1 h, 2h) and KMnO4 at 10 mg/L for contact times of 30 min, 1 h, 2h, 4 h.
The RNA integrity was a separate test conducted to evaluate the sus-
ceptibility of cell components such RNA to oxidation. Therefore, higher
concentration of oxidant (compare to natural bloom oxidation) was
used, and different sampling times covered the broader exposure to see
the complete view of cell component degradation.

RNA was extracted by the RNeasy PowerWater Kit (Qiagen). DNA
was removed using the Turbo DNA free Kit from Ambion (ThermoFisher,
Saint-Laurent, QC). 1% Formaldehyde-agarose gel was used to evaluate
total RNA profiles. Thirty pl of total RNA were run in each lane.

Chemical Engineering Journal Advances 8 (2021) 100151

RiboRuler High Range RNA Ladder (ThermoFisher, Saint-Laurent, QC)
was run in parallel with the samples to determine the size of the RNA
bands. RNA profiles showed the 23S, 16S and 5S ribosomal RNA cor-
responding respectively, to 2900, 1500 and 120 base pairs (bp). Detailed
oxidation experimental design is presented in supplementary informa-
tion (Table S1).

3. Results and discussion
3.1. Bacterial functional profile of the cyanobacterial bloom metagenome

Cyanobacterial bloom samples were collected at the intake of water
treatment plant from the Lake Champlain. Cyanobacterial taxonomic
cell count results showed maximum 3.3 x 10° cells/mL on August 1st
and minimum 5.4 x 10* cells/mL on August 29th. Taxonomic cell count
and biovolume results are presented in the Table S2. Taxonomic cell
count results were higher than the cell number alert level for drinking
water treatment plants 6.5 x 10* cells/mL except the last day of sam-
pling. The bacterial and cyanobacterial community composition has
been described recently in Lake Champlain during the bloom sampling
period (from August 1st to 29th) using metagenomic shotgun
sequencing (Fig. S1) [55]. Proteobacteria was the most abundant
phylum within the whole bacterial community, with more than 70%
relative abundance on August 1st. From August 13th to 29th, the major
bacterial phyla were Proteobacteria, Bacteroidetes, and Actinobacteria,
followed by Cyanobacteria, which accounted between 5 and 10% of the
total relative abundance in all samples (Fig. S1a). The first bloom period
was on August 1st to August 15th and corresponded to the dominance of
Dolichospermum with the contribution of Synechococcus (Fig. S1c). The
second period was on August 21st and it corresponded to the dominance
of Synechococcus and the higher abundance of Microcystis. The last
cyanobacteria bloom sample was taken on August 29th and coincided
with Microcystis dominance (Fig. S1c).

In the current study, the functional profile of these samples was
explored to correlate it with the taxonomic pattern described above.
Fig. 1 illustrates the 29 most dominant functional categories (Level 1)
based on the relative abundance of assigned reads within bloom samples
retrieved from Lake Champlain from August 1st to August 29th. On
August 1st, “Carbohydrates” was the most abundant functional cate-
gory, followed by “Protein metabolism” and “Amino acids and de-
rivatives”, suggesting that the microbial populations on August 1st were
well adapted to degrade accessible carbon substrates such as soluble
carbohydrates or polysaccharides and amino acid derivatives. On
August 13th’ the most relative abundant reads shifted to the “Protein
metabolism” category, and it remained abundant until the end of the
sampling date, on August 29th (Fig. 1). Genes related to “DNA meta-
bolism”, “RNA metabolism”, “Phage, Prophage Transposable elements,
Plasmids”, “Photosynthesis” and “Secondary metabolism” also showed
slightly higher abundance during the period of August 13th-29th in
comparison with August 1st. Interestingly, an opposite trend has been
observed for “Membrane transport”, “Metabolism of aromatic com-
pounds” and “Motility and chemotaxis”, “Iron acquisition and meta-
bolism”, “Sulfur metabolism”, “Cofactors, Vitamins’, “Prosthetic
groups, Pigments”, “Potassium metabolism” “Stress response” cate-
gories. Their relative abundance were lower on August 13th-29th
compared to those on August 1st. Song et al. (2017) used functional
metagenome analysis of natural soils in laboratory microcosms to
characterize different ecological strategies adopted by the microbial
community [65]. Gong et al., (2017) showed that nutrient acquisition
systems were highly upregulated during cyanobacterial bloom condi-
tions [66]. Building on their findings, we suggest that the conditions of
the August 1st bloom were associated with lower nutrient availability
and early successional stage (bacteria developing early and ready to use
available resources) due to the higher abundance of genes involved in
the regulation of amino acids, carbohydrates, sulfur, iron acquisition,
potassium and aromatic compounds metabolisms. The period of August
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Fig. 1. Functional profiles of the cyanobacterial bloom samples collected at the intake of the drinking water production plant in Missisquoi Bay, Lake Champlain

during the month of August 2018.

13th-29th was more associated with a late successional stage (sustained
crowding, intense competition for resources and replication/repair)
since “Photosynthesis, “Protein metabolism” and “DNA metabolism”
categories were relatively more abundant.

Interestingly, genes belonging to the “Phage, Prophage Transposable
elements, Plasmids” subsystem were much more abundant (on August
13th), indicating that the bloom community structure on August 13th
—29th acquired more genome plasticity (Fig. 1). It has been reported
that the activity of transposable elements in bacteria generates genome
plasticity, leading to genetic variability and subsequently, strong fitness
benefit to environmental changes [67]. For cyanobacteria, genome
plasticity is an important adaptive driver of evolution, unveiling the

means of their persistence [29, 68]. The taxonomic profile at the end of
the bloom period exhibited higher diversity, where Proteobacteria,
Actinobacteria and Bacteroidetes shared the bacterial dominance
(Fig. S1-a). Song et al. (2017) [65] suggested that the high taxonomic
diversity was associated with more functional diversity, which may be
relevant to the overall bacterial adaptation strategies.

3.2. Oxidation impact on the bacterial functional response
The functional profile dynamics observed in bloom samples (before

oxidation) led us to hypothesize that these bacterial communities may
have different functional responses to chemical oxidation. This
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Fig. 2. PCA of the functional structure following Cl,, KMnO,4 and H,0, a) August 1st (Dolichospermum was the most abundant genus) b) August 29th (Microcystis

was the most abundant genus).
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hypothesis was investigated by comparing the functional profile, upon
oxidation of bloom samples retrieved on two different days (August 1st
and 29th).

To assess the impact of chemical oxidation on the community func-
tional dynamics, principal component analysis (PCA) was conducted on
cyanobacterial bloom samples before and after oxidation (Fig. 2).” The
samples were those of August 1st, corresponding to Proteobacteria as the
most abundant phyla (accounting 70% of relative abundance), and of
August 29th, corresponding to Proteobacteria, Bacteroidetes followed by
Actinobacteria as the most abundant phyla (Fig. S1-a). On both sampling
dates, cyanobacteria accounted for 5% of the relative abundance, but
exhibited different composition structure; Dolichospermum dominated
the August 1st sample, while Microcystis dominated on August 29th
(Fig. S1-c). Exposure to oxidant was expressed as relative CT (rCT), a
normalized oxidant exposure (concentration, contact time) that was
used to compare the impact of the three oxidants (Cly, KMnO4 and
H03). To compare the effects of different oxidants simultaneously, the
common exposure unit (CT) is not representative due to different
mechanism and mode of action of each oxidant. Normalized oxidant
exposure (relative CT) is used to compare different oxidants in PCA (rCT
of each oxidant; max CT = 1 and min CT = 0, the exposures in between
were calculated accordingly). More details can be found in Moradinejad
et al. (2020) [55].

As presented by the PCA, the differential functional structure of
August 1st and August 29th bloom samples were associated with distinct
microbial functional profiles after oxidation, signifying variability in
microbial community fitness toward oxidation [69]. For the August 1st
bloom sample, three cluster groups were detected based on the simi-
larity of the functional composition before and after oxidation (closeness
in PCA). The first group, which corresponds to control conditions and
low relative CT of both Cl; and HyO5 exposure, clustered with “Meta-
bolism of aromatic compounds”, “Respiration”, “Stress response”,
“Carbohydrates”, “Iron acquisition and metabolism”, “Amino acids and
derivatives”, “Motility and Chemotaxis” and “Membrane transport”
related gene categories. The low relative CT (Cly and H203) did not
cause a change in the relative abundance of the genes associated with
acquiring and sequestering nutrient sources such as carbohydrates. The
second cluster emerged with increasing exposure to Cly and was asso-

»

ciated with the functional categories: “Sulfur metabolism”, “cofactors
vitamin”, “Miscellaneous”, “Regulation and cell signaling “, “Phospho-
rous metabolism “, “Nitrogen metabolism “, “Prosthetic group, Pig-
ments”. These gene-related categories correspond to the pattern of
bacterial adaptation for survival in aquatic systems, encompassing
various regulation and cell signaling pathways for nutrient acquisition
[65].

The third group included the relatively high CT of Cly, KMnO4 and
H20; exposures, and positively correlated with “Protein, DNA and RNA
metabolisms”, “Dormancy and sporulation”, “Cell wall and capsule” and
“Nucleosides and Nucleotides” related genes (Fig. 2a). This suggests that
bacterial persistence after high oxidant exposure (CT) was associated
with the presence of stress response genes. Furthermore, the association
of HyO5 with the “Nucleosides and Nucleotides” suggests a specific mode
of action when compared to Cly and KMnOy, reflecting the differences in
reactivity towards to nucleic acids and other key membrane components
[70]. In the present study, the surviving bacterial community also
showed a strong association with dormancy and sporulation genes
compared to other genes.

To better understand the shifts within the functional gene categories
following oxidation for August 1st and August 29th samples, the relative
CT-related changes in the functional metagenome effect is shown for
each oxidant separately in Fig. S2, S3 and S4. For August 1st, “Carbo-
hydrates”, “Amino acids and derivatives” decreased with the increase of
CT of Cly, KMnO4 and H,0; exposures (compared to the control), sug-
gesting that genes involved in energy metabolism were relatively less
abundant. The relative abundance of the genes related to “Protein
metabolism, “RNA metabolism”, “DNA metabolism”, “Cell wall and

<

Chemical Engineering Journal Advances 8 (2021) 100151

capsule” increased with increasing the exposure of Cly, KMnO4 and
H20,. These functional profiles (August 1st) are in agreement with
several studies showing that bacteria must synthesize stress response-
related factors or metabolize excess nutrients in the environment to
survive from harsh conditions imposed on the ecosystem [71, 72]. This
means that bacteria must increase protein synthesis and, in conse-
quence, increase RNA and DNA synthesis [73, 74]. Our results demon-
strated that metagenomes have more abundant housekeeping genes
(protein, DNA and RNA metabolisms) at a high CT of Cl;, KMnO4 and
H,0; compared to the more permissive oxidation strategies (relatively
mid/low CT).

The PCA of functional response following oxidation on August 29th
showed different functional profiles compared to August 1st (Fig. 2b).
Some of the functions such as “Nitrogen metabolism”, “DNA and RNA
metabolism” were not identified in the PCA analysis (results of permu-
tation test) following oxidation on the August 29th sample. We distin-
guished two cluster groups in the PCA of August 29th. The first cluster
group encompassed control condition and the low relative CT of Cly
oxidation. The cluster was associated with “Membrane transport”, “Cell
wall and capsule”, “Photosynthesis” and “Cell division and cell cycle”
categories. Also, both KMnO4 exposures (CT) were closely grouped and
showed a strong association with the genes related to the “Prophage,
transposable elements, plasmids” (Fig. 2b). The second cluster group
includes Hy02 oxidized samples and functional categories related to

LLRTS

“Carbohydrates”, “Amino acids and derivatives”, “Nucleosides and Nu-
cleotides”, “Fatty acids, lipids and Isoprenoids”, “Miscellaneous, and
“Respiration”. Again, exposure to HyO- resulted in distinct shifts in the
functional related gene categories supporting the hypothesis of non-
selective action of this oxidant [55].

According to increasing relative CTs, the changes in functional pro-
files revealed no general trends between the control conditions and the
oxidized samples on August 29th (Fig. S2, S3 and S4). The August 29th
bacterial communities were more resilient to oxidation with Cly, KMnO4
and H0, and demonstrated capabilities for active nutrient uptake,
growth and survival to the stressful conditions in comparison with the
communities inhabiting the August 1st bloom. This is coherent with our
observations of a lower Shannon index on August 1st compared to the
August 29th (Fig. S5).

3.3. Correlation between functional subsystems and microbial taxonomic
profile following chlorination

The correlation analysis was performed between functional cate-
gories (Level 1) and the taxonomic profile identified at the phylum level
(~95% of the relative abundance). The correlation of different phyla
with the five days of bloom samples’ functional profiles before oxidation
is presented in Fig. S6. This Figure shows that cyanobacteria had a
significant positive correlation with “Cell division and cell cycle” in the
bloom samples (R = 0.9). Notably, there were no correlation with
“Photosynthesis”, “Nitrogen” and “Phosphorus” metabolisms. Photo-
synthesis was driven mainly by cyanobacteria as the relative abundance
of only detected photosynthetic phytoplankton, Chlorophyta, was
negligible with less percentage reads (< 1075%).

Correlations were also evaluated between functional and taxonomic
profiles observed in August 1st water samples after oxidation with Cly,
(Fig. 3). On that date, significant positive correlations were identified
between Proteobacteria and “Carbohydrates” (R = 0.92), “Iron acqui-
sition and metabolism” (R = 0.95), “Metabolism of aromatic com-
pounds” (R = 0.93), “Motility and chemotaxis” (R = 0.95), and “Stress
response”(R = 0.94) functions. The results indicated that members of the
Proteobacteria phylum had the potential to adapt to the conditions
imposed by chemical oxidation and the ability for energy acquisition (e.
g. carbohydrate, iron) or usage (e.g. motility), as indicated by the
abundance of reads related to nutrient and energy metabolisms. Strong
support of this finding was also provided by the differential heat trees
(nonparametric test where it applies the Wilcoxon rank-sum test to find
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Fig. 3. Analysis of correlations between functional and taxonomic profiles identified in the August 1st 2018 water samples after oxidation with chlorine (Cl,). Colors
represent the strength of correlations with their corresponding correlation coefficients.

differences by comparison of abundances) using MetacodeR (Fig. 4),
showing the effect of Cly on class abundance. Gammaproteobacteria was
the major class within Proteobacteria that persisted after oxidation with
Cl, (Fig. 4). Gammaproteobacteria was shown in other studies to be able
to win the competition for nutrients and to grow faster than the average
bacterioplankton in lakes [75, 76]. Moreover, it has been often reported
that iron can promote rapid growth of bacteria [77]. In our study, the
genes involved in iron acquisition and metabolism may have been
triggered to supply enough iron for continued bacterial growth in the
August 1st samples after exposure to Cl.

Significant positive correlations were identified between Bacter-
oidetes and functional categories affiliated to “Dormancy and sporula-
tion” (R = 0.92), “Cell wall and capsule” (R = 0.8) and housekeeping
pathways such “RNA metabolism” (R = 0.85) (Fig. 3). Bacteroidetes was
able to survive in a dormant stage after Cl, oxidation. Other studies have
revealed that the. synthesis of stress response-associated functions or
reorganization of the gene expression programs for survival under
similar imposed oxidation may increase protein metabolism, thereby
increasing RNA synthesis [73, 74].

Significant positive correlations between cyanobacteria and func-
tional categories related to “Cell division and cell cycle” (R = 0.95),
“Photosynthesis” (R = 0.9), Nitrogen metabolism” (R = 0.7), “Phos-
phorous metabolism” (R = 0.7) were also observed (Fig. 3). The ability
of cyanobacteria to adapt to the presence of Cl, was revealed through
the presence of genes involved in “Cell division and cell cycle” before
and after oxidation., This ability became apparent on August 1st,
because members belonging to the Cyanobacteria class persisted after
oxidation with Cl, as compared to the Betaproteobacteria and Alphapro-
teobacteria (Fig. 4). Positive correlations between “Photosynthesis”

related genes were identified with both Actinobacteria and Cyanobac-
teria. It seems that oxidation had an impact on Cyanobacteria to acquire
energy by degrading accessible amino acids substrates and performing
its associated pathways related to “Iron acquisition and metabolism” as
well as” Membrane transport™.

A significant negative correlation between cyanobacterial and pro-
teobacterial communities was identified on August 1st after chlorina-
tion. Previous studies have reported Proteobacteria’s antagonistic
activity against various Cyanobacteria [78]. Rhizobiales belonging to the
Alphaproteobacteria phylum have been recognized to contribute to the
nitrogen cycle through their contribution to the fixation of atmospheric
nitrogen by plants [79]. In our study, the relative abundance of
Alphaproteobacteria dramatically declined after oxidation (Fig. 4).
Meanwhile, Cyanobacteria, which is dominated by nitrogen-fixing
cyanobacteria such as Dolichospermum, exhibited higher relative abun-
dance after oxidation with Cly (Fig. 4)., This suggests that cyanobacteria
harboring nitrogen-related genes may be better adapted to chemical
oxidation and that it involved a stress response mechanism during Cl,
exposure.

3.4. Oxidation impact on selected cyanobacterial biomarkers

In order to track the functional cyanobacteria footsteps in response
to oxidation stress, three cyanobacterial biomarkers (level 3 subsystem)
where selected: “Cyanobacterial circadian clock”, “Heterocyst formation
in Cyanobacteria” and “Transcription factors cyanobacterial rpoD-Like
sigma factors”, (referred in this paper as rpoD-Like). Cyanobacterial
circadian clock and Heterocyst formation are two well documented
cyanobacterial biomarkers [44, 80-82]. The circadian clock controls



S. Moradinejad et al.

anthomonadales
Desulfarculales

Desulfovibrion: esulfobacterales AeromoTnad esPa
Bdellwmales Pseudomonadales
Desuliufll §ymrophobacterale£|am
Rhododf@Rles . aproteobacteria Vibrio
Y Myxococcales
Burkholderiales - Campyloba

. Neisseriales Desulfuromonadales:
Nitrosomonadales Epsilonp

Betaproteobacteria
Gallionellales Meth ilales Mariprofundales

ereenpnSProteobacteria e

Sphingomonadales

Magnetocogccales Zetaproteobacteria« Mollicute
Kiloniellales - Rickettsiales Synergistales =
Alphaproteobacteria Planctomycetales
Rhodobacterales Phycisphaerales

Spirocl

Kordiimonadales Caulobacterales Planctomycetia

Parvularculales ~__Phycisphaerae | = 'g;
Rhizobiales Nitrospi piro Verru
iri pirales pjanctomycetes rucomicrobia . :
Rhodospirillales Nitrospira V! prooha ermotogae Methyiac: diphilalesAcudobactenales
trosoide] Haloplasmatales Therm bacteria Acidobacteriia
itrospinales “Nitrospirae £ : Holophagales
Nitrospinia ROOt > Thermales Holophagae
i itrospinae Deinococcales Acidobacteria
Lentisphaerales *  Deinococci Solibacteres

Lentisphaeria Lentisphaerae Acidimicrobiales
olibacterales
Selenomonadales, Gemm
o emmal
Negativicutes

Firmicutes
a

Chemical Engineering Journal Advances 8 (2021) 100151

ipelotri Erysipelotricl g
Erysipelotrichales Erysip X o NOdeS
o
Thermoanaerobacterales| actobagillale 8_ -2.000 1.0
i cillal =
Clostridia g Crian o -0.889 37.6 -
Natranaeroblales‘ N ales Anaerolineae . c c
Clostridiales Anaerolineales Sphing & -0.222 — 1470 S
Halanaerobiales Defer oroflexi = : o)
Caldiineae ® 0.000 — 3300 ©
DehalococcoidiacaldmnealeS E ':_)
Thermogic;‘rolbia %hllo"Oﬂe’d B 0:222 [ =570 O
iehalococcoiaales
Sphaerobacterales Chloroflexales o 0.889 - 916.0
Thermomicrobiales i %
= 2.000 ———1320.0
Al
(@]
o
-

Fig. 4. Differential heat tree demonstrating changes in taxonomic profiles the class level in the August 1st 2018 water samples after oxidation with chlorine at a
concentration of 0.2 mg/L. To/T10 (August 1st), To=control, T;o= after 10 min contact time. Log 2 ratio of median proportions of abundances.

gene expression at the genome-scale and plays a role in stress response
and adaptability in competitive environments [41]. Heterocyst forma-
tion have been associated with a wide range of roles in cyanobacteria,
such as nitrogen regulation (especially during N-limited condition), cell
cycle, cell size and cell division regulation [80, 82]. The rpoD-Like factor
was previously identified as a biomarker and a regulator to acclimate
cyanobacteria and protect them during chemical oxidative stress [83].
Other studies have shown that mutated Synechocystis cells with only
rpoD gene have higher resistance capability to (photo)oxidative stress in
comparison with the standard strain [84].

On August 1st, the relative abundance of the three biomarkers
increased following Cl, oxidation, with a peak at 0.2 mg.min/L (Fig. S7a
and S8a). However, on August 29th such trends were not observed most
probably because of the very low relative abundance of these bio-
markers (Fig. S7b-S8b). Exposure to KMnO4 on August 1st, was associ-
ated with an increase in the relative abundance of rpoD-like circadian
clock and heterocyst formation which peaked at 49.7 and 287.8 mg.
min/L, respectively (Fig. S9a-S10a). At higher exposure (CT=545.9 mg/
L), the relative abundance of those biomarkers returned to the initial
level. A slight increase was also recorded for the relative abundance of
the cyanobacterial biomarkers categories on August 29th where Micro-
cystis was the most abundant genus ‘Fig. S9b-S10b).

Oxidation with Hp05 on August 1st and 29th revealed that the
relative abundance of the three biomarkers declined markedly at high
Hy0, exposure (Fig. S11-S12). These results are supported by the

decrease of relative abundance of cyanobacterial taxa after HyOo
oxidation, from our previous study [55].

3.5. ddPCR (mcyD gene) versus MC concentrations

A quick response ddPCR test could provide a tool for operators to
assess potential toxicity in raw water incoming to the water treatment
plant and in treated water after oxidation. To be informative, the test
should be predictive of toxin concentration in raw water and conser-
vatively predict the elimination of toxins by oxidation. Correlation an-
alyses (p-value<0.05) for the mcyD gene copy numbers, assessed by
ddPCR, and MC total concentrations in Lake Champlain are presented in
Fig. 5. Results for dissolved and cell-bound total MC before and after
oxidation are summarized in Fig. S13. For all oxidants (Cly, KMnOy,
H05), only partial removal of microcystins was observed ranging from
18% to 36%. Results for our raw water samples revealed a significant
positive correlation between the mcyD gene copy numbers and extra-
cellular MC total (R = 0.97) and intracellular MC total (R = 0.95). Also, a
significant positive correlation (R = 0.95) between the mcyD gene copies
and the intracellular MC-LR was observed for the raw water samples.
Our results are in accordance with previous results in Lake Champlain,
in which the mcyD gene copies assessed by qPCR were significantly
correlated (R = 0.93) with the measured MC via enzyme-linked immu-
nosorbent assay (ELISA) [37]. Similar correlation between the mcyD
gene and MCs were also reported on other sites [51, 52, 85]. Other
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studies did not report any correlation between the mcyD gene and MC
concentration [50, 86]. The complexity of mcy cluster sequences, that
could be partially deleted, rearranged or mutated [87], and challenges
associated with DNA recovery from complex samples [88] can be issues
for ddPCR analyses.

The correlation of mcyD gene with the detected MC was also
analyzed for the oxidized samples from Lake Champlain. For chlorinated
samples, a significant positive correlation (R = 0.6) was observed be-
tween mcyD gene copies and the extracellular MC-LR variant. The
KMnO4 oxidant was associated with stronger correlations between the
mcyD gene copy numbers and total intracellular MC (R = 0.98) as well as
the intracellular MC-LR variant (R = 0.65) (Fig. 5). As for HyO», no
correlation was identified between the mcyD gene copies and MC con-
centrations. Several factors may explain these different trends in cor-
relations. First, the mode of oxidation and reactivity of the three
oxidants studied varies in terms of their impact on cell components,
including nucleic acids, and toxins. Secondly, detection by ddPCR relies
on the ability to detect nucleic acids while the measurements of toxins
relies on the ability to detect functional groups of various analogs.

Several prior studies have documented the high reactivity of
microcystin with KMnOy, Cly and Hz04 [16, 17, 20, 89]. Yet, in our
study, limited removal (up to 36%) of microcystin was observed at the
highest CTs (Fig. S13). However, it must be noted that relatively low
concentrations of toxins were present raising potential issues with the
quantification of cell-bound and free toxins. This apparent low treat-
ment performance could be related to different water quality parameters
such as lower organic matter and microcystin concentrations as
compared to the previous studies.

While the reactivity of toxins with the oxidants used has been widely

investigated, the reactivity of Cl, and KMnO4 with RNA integrity is not
well documented. RNA is composed of ribonucleotides (ribose and one
of four nitrogenous bases) linked by phosphodiester bonds. While the
oxidants react poorly with ribose, they may react readily with nucleo-
sides [90]. Although chlorine reacts slowly with Cytidine-5'-Monopho
sphate (CMP) (K=negligible) and Adenosine-5'-monophosphate (AMP)
(K = 66 M ~ 1s71), it quickly reacts with Guanosine-5'-monophosphate
(GMP) (K = 2.1 x 10* M ~1Ss™).) and Uridine-5' -monophosphate (UMP)
(K =5.5 x 10°M - 1S_l) [90]. Fig. 6 shows the impact of oxidation on
the integrity of RNA extracted from a mix of cultured Microcystis Aeru-
ginosa strain CPCC 300 and Dolichospermum strain CPCC 544. RNA was
poorly degraded after exposure to KMnO4 (K = 1.8 x 10> M ~ 1S™1), but
Cl, oxidized RNA at all CTs (K = 9.6 x 10°'Mm- 1S’l). These results are
coherent with the recent demonstration of the high reactivity of cytosine
and thymine bases with chlorine showing nearly complete oxidation at
20 uM Cl; [91]. Our results shows that oxidation constants (especially
KMnOy) for nucleic acids (RNA) is lower than documented rate con-
stants for MC concertation (118 M — 151 for the most resistant MC
variant) [92] which may explain different trends in the correlations
(mcyD vs MC) after oxidation. Although not tested, HyO5 is known to be
highly reactive with all cell components and to degrade RNases, a family
of enzymes present in virtually all living cells [93]. H2O5 has also been
shown to play a role in the degradation of bacterial DNA [94-96].
Therefore, some oxidants are likely to rapidly react free nucleic acids
while others will not react at typical treatment dosages.

We attempted to correlate the presence of mcyD to the persistence of
cell bound and free toxins for chlorine (0.2 and 0.6 mg/L), permanga-
nate (5 mg/L) and hydrogen peroxide (10 mg/L). Because of the dis-
crepancies in the kinetics of oxidation of RNA and toxins depending on
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Fig. 6. Gel electrophoresis of RNA extracted from river water spiked with a mixture of Microcystis and Dolichospermum cells as a function of CT exposure to Cly

and KMnO,.

the oxidant considered, the use of mcyD based toxicity test would best
justified to estimate the potential for toxin presence in raw water prior to
exposure to oxidant agents. The use of the ddPCR method as a quick
response tool to predict toxin removal after oxidation is therefore not
recommended.

Conclusion

Distinct functional assemblages were observed in bloom samples at
the intake of the drinking water production plant during the month
of August (August 1st to August 29th). On August 1st, the most
abundant function identified in bloom samples was associated with
the “Carbohydrates” category. A shift toward “Protein metabolism”
was observed on August 13th which remained abundant until the
end of our sampling campaign.

Different functional clusters were observed in our water samples
following oxidation with Cly, KMnO4 and HyO». On August 1st, low
oxidant exposures clustered with “Carbohydrates” and “Iron acqui-
sition” metabolic activities and higher exposure clustered with stress
response related functions such as DNA metabolism and sporulation.
The impact of oxidation was revealed through correlation analyses
between different phyla and functional profiles. Positive correlations
between cyanobacteria and nitrogen as well as phosphorous me-
tabolisms showed the impact of Cly since no correlation was
observed in bloom samples before oxidation. The potential of cya-
nobacteria to survive to Cly exposure was also assessed through a
positive correlation with cell division and cell cycle.

Limited variation of cyanobacterial biomarkers such as “Cyano-
bacterial circadian clock”, “Heterocyst formation in Cyanobacteria”
and “rpoD-Like” was identified following Cly and KMnO4 oxidation
on August 29th where Microcystis was the most abundant genus.
High exposure to HyO caused a dramatic decrease in cyanobacterial
biomarkers, regardless of the dominant genus. Those results
confirmed the effectiveness of HyO5 as a pre-oxidant in cyano-
bacterial management of drinking water resources.

Quick response ddPCR tests could be used to evaluate cyanobacterial
bloom toxicity in drinking water resources prior to the pre-oxidation
treatment. Correlation results between the mcyD gene and micro-
cystin concentrations following exposure to Cly, KMnO4 and HoOo

oxidants suggest that the ddPCR method or any genomic based
measurement would not be appropriate to predict the removal of
microcystins.

Pre-oxidation modified the bacterial community and cyanobacteria
survived after exposure to Cl, and KMnO4 as demonstrated by
functional and community composition structure. However, pre-
oxidation with Clp, KMnO4 and HyO, was partially efficient in
eliminating microcystins, raising the need for optimizing pre-
oxidation dosages and insuring that other down-flow processes are
capable of removing any toxins that would ultimately be released in
potable water.
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