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Abstract

Microcystis is a frequent cyanobacterium bloom-forming with cosmopolitan distribution which can produce a hepatotoxin group
called microcystins (MCs). These MCs are resistant to the traditional processes employed in the water treatment plants and they are
often detected after conventional treatments. Because of this, the bio-removal studies have obtained a great interest in the last decades.
In this work, a bacterial strain namely LG1 with the ability to remove microcystin-LR (MC-LR) under laboratory conditions was
isolated from Rio de la Plata River and it was identified as Achromobacter spp. This ubiquitous bacterium was able to remove 79.5%
MC-LR in 7 days with average removal time of 3.33 £0.08, 3.06 = 0.05, and 2.77 = 0.05 days at 28, 32, and 36 + 1 °C, being higher at
high temperature (36 °C) with an activation energy = 16.79 + 1.99 kI mol . LG1 grew better at higher temperature (from 28 to 36 +
1 °C) increasing the specific growth rate (11) and reducing 2-fold the lag phase duration (LPD) without significant differences (p > 0.05)
between maximum population density (MPD). In addition, LG1 showed a lysis activity on two M. aeruginosa native strains in 7 days
measured as chlorophyll a (Chl-a) concentration. The lysis activity increased around 2-fold when increasing the temperature from 28
to 36 £ 1 °C. This is the first report of an indigenous bacterium belonging to the genus Achromobacter spp. isolated from the Rio de la
Plata River with the capacity to remove MC-LR and lysis activity on M. aeruginosa.
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Highlights

* This work provides experimental data and mathematical modeling of the
MC-LR removal and Microcystis aeruginosa lysis activity on two tem-
perate strains by novel Achromobacter spp. isolated from Rio de La
Plata River (Argentina).

« It provides data about bacterial growth parameters using Gompertz
model. It also provides evidence of the possible environmental biotrans-
formation of this cyanotoxin and bloom senescence.

« Its use as ex situ treatment must be deepened and scaled according to the

Introduction

Cyanobacterial blooms are a global problem for freshwater
ecosystems including drinking water and recreational uses
(Paerl et al. 2001). The genus Microcystis is one of the most
important cyanobacteria due to its great ecological importance
and public health implications (Sanchis et al. 2004). Its blooms
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affect fish (Gaete et al. 1994), zooplankton communities (Amé
et al. 2010), aquatic plants, and vertebrates (MacKintosh et al.
1990). Moreover, Microcystis can produce microcystins (MCs)
which are toxic cyclic heptapeptides and they contain an un-
usual -amino acid (3-amino-9-methoxy-10-phenyl-2,3,8-
trimethyl-deca-4,6-dienoic acid) (-Adda). There are around
250 MCs variants (Foss et al. 2018) being MC-LR the most
commonly found (Carmichael 1992). These potent mammalian
toxins are known to be responsible for acute and chronic effects
which cause liver hemorrhage within few hours and show tu-
mor promotion activity through protein phosphatase inhibition
observed in rodents as well as in primary hepatocytes in vitro.
The resulting hyperphosphorylation of intracellular protein
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leads to the disruption of intermediate filaments that form the
cellular scaffold in human and rodent hepatocytes (Carmichael
1992). The International Agency for Research on Cancer
(IARC) classifies MC-LR as possibly carcinogenic to humans
(group 2B), based on the inadequate evidence that it directly
causes cancer in either laboratory animals or humans.
Moreover, several authors have reported data that suggest the
MCs may be responsible for the high incidence of liver cancer
in populations dependent upon MC-contaminated drinking wa-
ter in China, Serbia, and Florida of the USA (Crettaz-Minaglia
et al. 2015). As a result of the reported effects of MCs, the
World Health Organization (WHO) proposed a guideline of
1 pg L' as the maximum concentration in drinking water
(WHO 1998).

The contamination of water resources with MC-LR repre-
sents a major concern for the drinking water industry because
thousands of consumers may be affected (Eleuterio and
Batista 2010). Microcystins are resistant to traditional process-
es employed in the water treatment plants (Lahiti and Hiisvirta
1989) and they are often detected after conventional physico-
chemical treatments. From December 2004 to April 2005,
Echenique et al. (2006) informed MCs in drinking water sup-
ply in 10 of 13 samples in the Ensenada and La Plata cities
(Argentina) in levels above than guide values (1-7 ug L.
This showed that the conventional water treatment process
was inefficient at least during the critical periods of massive
development of cyanobacterial blooms.

Because of this, the microbial removal of contaminants as a
cost-effective and efficient way has gained increasing research
attention (Kong et al. 2013). Several investigations have been
carried out about indigenous bacteria capable of removing
MC-LR isolated from water bodies (water and sediment)
and filters from water treatment plants (Crettaz-Minaglia
etal. 2015). A large group of bacteria has been isolated being
Sphingomonadaceae the most studied family of bacteria. Most
of these organisms have been identified as Sphingomonas
(Bourne et al. 1996, 2001; Park et al. 2001; Saito et al.
2003; Saitou et al. 2003; Harada et al. 2004; Ishii et al.
2004; Ho et al. 2006; Amé et al. 2006) and Sphingopyxis
(Okano et al. 2010; Zhang et al. 2010; Shimizu et al. 2011,
Yan et al. 2012a, b). Other studies have focused their efforts
on the studies of the lysis activity by bacteria on
M. aeruginosa strains (Yamamoto et al. 1993; Manage et al.
2000; Zhang et al. 2011; Sun et al. 2015).

Additionally, some authors have studied the factors that
influence the removal of MCs in the water such as pH (Chen
et al. 2010), initial toxin concentration (Ho et al. 2007), and
temperature (Park et al. 2001). Due to the temperature is one
of the determining factors for MCs removal (Alamri 2012;
Kansole and Lin 2016; Park et al. 2001; Yang et al. 2014;
Zhang et al. 2017), for the growth of bacteria, and the expres-
sion of certain enzymes, it is possible that an expected tem-
perature increase under future climate scenarios could modify
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the activity of cell lysis and removal of MCs. Although nu-
merous bacteria have been isolated with the potential to re-
move MCs and lysis activity; there is little literature with
mathematical analysis and comparison of these bacteria.

The aim of this work was to isolate indigenous microor-
ganisms from the Rio de La Plata River that have lytic activity
on two temperate and native strains of M. aeruginosa and
removal of MC-LR activity. In addition, the removal of MC-
LR, the lysis capacity, and the growth of the microorganism
with greater capacity at three temperatures were modeled.

Methods
Microcystin-LR producing by M. aeruginosa

Microcystin-LR produced by a strain of M. aeruginosa called
CAAT 2005-3 was used as a source of MC-LR. This strain
was described by Rosso et al. (2014) and the principal MC
that can produce is the [D-Leu'] MC-LR (Qi et al. 2015). This
cyanotoxin has been reported in Brazil (Matthiensen et al.
2000), Canada (Park et al. 2001a), Argentina (Rosso et al.
2014), and more recently, in the USA (Foss et al. 2018) and
it can be produced by not only cyanobacterial genus
Microcystis but also Phormidium, and Nostoc (Shishido
etal. 2013).

M. aeruginosa strain preservation was performed by peri-
odic (every 15 days) passage through modified BG11 culture
medium (N:P ratio 10) (Rippka et al. 1979) under controlled
laboratory conditions at 28 + 1 °C, constant aeration with hu-
midified sterile air, and a fluorescent light intensity of 30 pmol
photons m 2 s~" with a light-dark cycle of 10:14 h (Crettaz-
Minaglia et al. 2017).

Microcystin-LR extraction and quantification

The culture in exponential phase was submitted to
ultrasonication for 30 min (Omni Ruptor 400) and then cen-
trifuged for 15 min at 5000 rpm to eliminate cell debris. The
supernatant was passed through conditioned (10 mL 100%
methanol, 50 mL 100% distilled water) Sep-Pak C18 car-
tridges (Waters) and the MCs were eluted with 80% methanol.
Quantitative chromatographic analysis of MCs was performed
by simple quadrupole HPLC/MS Shimadzu LCMS-2020 de-
termining a principal component of [D-Leu'] MC-LR toxins
(m/z 520) (Qi et al. 2015) using C18 column (Hyperprep HS,
5-um pore, 250 mm 10 mm) according to Crettaz-Minaglia
et al. (2017). The column was equilibrated with a mixture
composed of 65% A solution (Milli-Q water + 12.7 mM
formic acid) and 35% B solution (acetonitrile + 12.7 mM
formic acid). The mobile phase consisted of a discontinuous
gradient of A and B solutions which consisted of 30% B
solution, then 70% linear gradient of the B solution for
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12 min, isocratic elution with 70% of the B solution for 3 min,
and finally, a linear gradient of 30% B solution during 5 min
(total run time 20 min).

The flow rate was 1.0 mL min ' with a flow division before
the entrance to ESI (0.2 mL min™ ! to the ESI-MS). A standard
of MC-LR was purchased from Sigma (St. Louis, MO, USA),
and a calibration curve was performed (0.1-1.0 pug L™"). The
limit of detection (LOD) and the quantification (LOQ) were
0.05 ug L' and 0.10 ug L™, respectively.

Microorganism acclimation and isolation

A water sample from the Rio La Plata River (Ensenada,
Buenos Aires) (34° 49" 58.7" S— 57° 56’ 54.1” W) was used
as microorganism’s source. This sample was obtained during
a Microcystis bloom registered on 10th January 2014 using a
phytoplankton net (pore =25 um). In this zone, the
cyanobacterial blooms have been observed frequently
(Andrinolo et al. 2007; Giannuzzi et al. 2012).

Acclimation and isolation were carried out according to
Amé et al. (2006). The initial acclimation of the microorgan-
isms at 1.10° CFU mL™" concentration was made in a 250-mL
sterile Erlenmeyer flask containing the environmental water
sample (20 mL) and sterile mineral salts medium (MSM) ad-
justed to pH 7.0 supplemented with 200 pg L™ of MC-LR
(80 mL) that was added as the sole carbon and nitrogen source.
Control was made in the same condition without an environ-
mental water sample. Both were incubated in a dark stove at 32
+1 °C, and MC-LR was periodically quantified according to
the technique as described above. Acclimated microorganisms
were obtained from 5 serial subcultures by transferring 20 mL
of the starting culture to a sterile Erlenmeyer flask containing
MSM and MC-LR (80 mL) in 70 days. To purify the culture of
MC-removal microorganisms obtained from the last subculture,
100 pL of the acclimated sample were transferred to enriched
culture and to spread on agarized MSM supplemented MC-LR
(200 pg L") and incubated in the dark stove at 32+ 1 °C dur-
ing 72 h. Then, different types of colonies were isolated in a
nutritive agar the same conditions described above according to
size, color, and morphology.

Microcystin-LR removal assay
Microorganism inoculum preparation

Every isolated microorganism was grown in a nutritive broth
during 12 h (overnight) in the dark stove at 37+ 1 °C to obtain
an exponential phase culture (10° CFU mL ™). Then, it was cen-
trifuged at 5000 rpm during 2 min at 4 °C and washed 3 times
with sterile MSM in order to eliminate the excess nutritive broth
due to it can provide an additional carbon source. Serial dilutions
were performed in a phosphate buffer in order to obtain an equiv-
alent concentration of 10° CFU mL ™" for each microorganism.

Microcystin-LR removal by bacterium LG1 at different
temperatures

Microcystin-LR removal assay was performed in a 100-mL
sterile Erlenmeyer flask containing 25 mL of MSM supple-
mented with MC-LR (200 pg L") and an inoculum of
10° CFU mL™" of the isolated microorganism according to
describe above. Control was made in the same condition with-
out adding microorganisms. The treatments and the corre-
sponding control (without bacteria) were incubated at 28 °C,
32 °C, and 36 °C £ 1 °C in the dark stove. In all experiments,
100-pL samples were taken in 3 and 7 days and centrifuged
(12,000 rpm, 15 min, 4 °C) for determining the concentrations
of MC-LR in the samples using HPLC/MS according to the
technique which was described above. All experiments were
conducted for triplicate. The microorganism that produces
higher MC-LR removal was assigned as LG1.

Microcystin-LR removal was evaluated by linear regres-
sion using Eq. (1).

C/Co=—k x t (1)

where C, is the initial concentration of MC-LR, C is the con-
centration MC-LR at time ¢, k is a constant of removal (the
slope of the linear regression), and ¢ is the time (day). The
average removal time (tm) was defined as the necessary time
to reduce the MC-LR concentration by half with respect to
initial concentration (Eq. 2).

tm = log, /k (2)

Lysis activity by bacterium LG1 on M. aeruginosa at
different temperatures

Similar to MC-LR removal assay, every microorganism iso-
lated was tested in order to study its lysis capacity on
M. aeruginosa strains through reduction chlorophyll a (Chl-
a) concentration (Zhang et al. 2011). Lysis activity test was
performed on M. aeruginosa CAAT 2005-3 (toxic strain) and
on M. aeruginosa 24A (nontoxic strain). Microcystis
aeruginosa strains preservation and inoculum preparation
were carried out according to describe above.

An overnight culture of each isolated microorganism
(10° CFU mL ") was co-incubated with toxic and nontoxic
M. aeruginosa culture (1.10° cell mL ") in a 100-mL sterile
Erlenmeyer flask containing BG11 medium. Control was
made in the same condition without microorganisms. The cul-
tures were incubated at 28, 32, and 36+ 1 °C in a chamber
(Ingelab 1-292PF) with intensity irradiation of 30 wm mol
photons.m* s' (light-dark cycle 14:10) during 7 days. The
Chl-a values were periodically quantified according to
Marker (1972). The experiments were conducted for triplicate.
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The microorganism that produces higher lysis activity was
assigned as LGI.

The lytic activity (La) or the M. aeruginosa inhibitory rate
was calculated with Eq. 3 (Zhang et al. 2011).

La(%) = (1—Tt/Ct) x 100 (3)

where Tt (treatment) and Ct (control) are the concentrations of
Chl-a of treated sample and control, respectively.

Bacterial growth at different temperatures

The growth kinetics of the bacterium with greater capac-
ity to remove MC and lysis activity assigned as LG1 was
studied. For this, an overnight culture of the bacterium
which was grown at 37 °C+1 in the nutritive broth was
centrifuged at 5000 rpm, and then the pellet was re-
suspended in phosphate buffer. One milliliter was inocu-
lated in nutritive broth at the level of 10° CFU mL™".
The cultures were incubated at 28 °C, 32 °C, and 36 °C
+1 °C in the dark stove. Periodically, some aliquots
were taken in order to perform the viable counts. Serial
dilutions were carried out and 1 mL was plated in a
nutritive agar according to pour plate procedure. The
plates were incubated at 37+ 1 °C during 48 h, and then
the bacterial colonies were counted and the results
expressed as CFU mL ™.

The cells number of LG1 in CFU mL™" obtained as a
function of time was modeled using the modified
Gompertz equation according to Crettaz-Minaglia et al.
(2017), Eq. 4).

Log(N) =a+ ¢ x exp (—exp (—b x (t-m))) 4)

where Log(N) is the decimal logarithm of the colony counts
(log (CFU mL ")), 7is time (h), a is the logarithm of the asymp-
totic counts when time decreases indefinitely (roughly equivalent
to the logarithm of the initial levels of bacterium
(log (CFU mL ™)), ¢ is the logarithm of the asymptotic counts
when time is increased indefinitely (the number of log cycles of
growth) (log (log (CFU mL ™)), b is the growth rate relative to
time (h'"), and m is the required time to reach the maximum
growth rate (h). The maximum or specific growth rate (1) value
was calculated as u=>bxc / e with e=2.7182 as a constant
(Euler number), the lag phase duration (LPD) was calculated
as LPD =m — 1/b, (h), and the maximum population density as
MPD =g + ¢ (log (CFU mL ")) (Giannuzzi et al. 1998).

The equation was applied to bacterial growth data by
nonlinear regression using the program Systat (Systat
Inc., version 5.0). The selected algorithm calculates the
set of parameters with the lowest residual sum of
squares and a 95% confidence interval for bacterial
growth.
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The effect of temperature on the specific growth rate (1) of
LGl bacterial growth was described by the Eq. 5 Arrhenius
model.

= Aexp (Ea/RT) (5)

where /1 is the specific growth rate (log (CFU mL ') h™"), T'the
absolute temperature, Ea is the activation energy (kJ mol '), A
is the pre-exponential factor (log (CFU mL™") h™"), and R the
gas constant (8.31 J K ! mol™).

Bacterial identification

The strain the microorganism that had the highest removal rate
and lysis activity was identified. Gram stain was made in the
isolated bacterium LG1 and observed in an Olympus® micro-
scope at 1000 X. The pure culture was grown in a soy tryptone
agar during 24 h at 37+ 1 °C in a dark stove. Then, the fol-
lowing biochemical tests were carried out: oxidase, citrate test,
mobility, nitrate reduction, indole, urease, Voges Proskauer,
ortho-nitrophenyl-[3-galactoside (ONPG), glucose, mannitol,
and xylose utilization (Diaz et al. 1995; MacFaddin 2003;
Koneman and Allen 2008).

In order to identify the LG1 strain by 16S rRNA sequenc-
ing, the genomic DNA was isolated with the commercial kit
Invitek®, and the 16S rRNA gene was amplified and se-
quenced by Macrogen Korea by using the primers 27F (5’
AGA GTT TGA TCM TGG CTC AG 3’) and 1492R (5’
TAC GGY TAC CTT GTT ACG ACT T 3'). The sequence
obtained was compared to entries of the National Center for
Biotechnology Information nucleotide sequence database
using the BLASTN algorithm (Altschul et al. 1997).

Data analysis

The statistical computer program Systat (Systat Inc., version
5.0) was used. Analysis of variance (ANOVA) and Tukey test
comparison were applied with significance levels of 0.01 and
0.001. The statistical requirements for the ANOVA (normal
distribution and homogeneity of variance) were performed.
The statistical requirements for the ANOVA (normal distribu-
tion, homogeneity of variance) were performed. Fitting was
carried out for each temperature condition by nonlinear re-
gression, minimizing the sum of the squares of the deviations
between the experimental and predicted values. The
goodness-of-fit was evaluated by two parameters: coefficient
of determination (R*) and the root-mean-square error (RMSE)
defined as Eq. (6).

n

Y (experimentaldata,—predicted data;)2

RMSE = \| & — (6)

where experimental are the experimental data, predicted are
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the values predicted by the model, » is the number of exper-
imental data, and & is the number of parameters of the assessed
model. Lower RMSE values indicate a better fit of the model
to describe the data (Snedecor and Cochran 1969).

Results and discussion
Bacterial identification

The last subculture obtained then 70-day acclimation was com-
posed by 15 bacteria (2 Gram (+), and 13 Gram (—)), and 1
yeast. Every microorganism isolated was tested in order to
study its ability to remove MC-LR and Chl-a. It was observed
that the LG1 isolated had both the higher capacity of MC-LR
removal and lysis activity. The biochemical tests indicated that
LG1 was as follows: Gram (—), oxidase (+), citrate (+), mobility
(+), nitrate reduction (+), glucose and xylose oxidation (+),
mannitol oxidation (—), ONPG (+), indole (—), urease (—), and
Voges Proskauer (—). The sequence of its 16S rRNA (partial
sequence, 1302 bp) showed 99% identity with strains of
Achromobacter xylosoxidans (Sakurad 2012). The nucleotide
sequence data of LG1 was deposited in the GenBank under
accession number MF959519 A. xylosoxidans.

Previously, it is known as Alcaligenes xylosoxidans has
demonstrated to have as algicidal activity on M. aeruginosa
(Yamamoto et al. 1993; Manage et al. 2000; Sun et al. 2015).
However, its ability to bio-remove MC-LR has not been re-
ported, although a Burkholderia order was reported by Lemes
et al. (2008). In this way, the Genome Sequencing Project
Achromobacter insuavis AXXA (NCBI: txid1003200)
(Subhraveti et al. 2019) enabled the identification of four
genes coding for enzymes with microcystinase activity:
AXXA 06763, AXXA_ 06793, AXXA 21793, and
AXXA 25015 (Szklarczyk et al. 2019, available in STRING
online database). All these are mIrC, one of the 4 genes re-
sponsible for the enzymatic degradation of MCs (Bourne et al.
1996, 2001; Dziga et al. 2013) with -Adda as unusual amino
acid found only in cyanobacterial toxins (Shimizu et al. 2012)
and commonly in the Proteobacteria family (Edwards and
Lawton 2009). This gene mlrC is induced by only MC-LR
presence (Shimizu et al. 2011) and encodes the MIrC protein
synthesis (Dziga et al. 2013) that is able to hydrolyze the
tetrapeptide and the linear MC (Dziga et al. 2012; Shimizu
etal. 2012). This process may occur with no previous process-
ing of acyclic MC by MIrB, and -Adda is the main product of
such MIrC activity (Dziga et al. 2013).

Most of the genomes available for the genus today are of
clinical origin, while a few were sequenced in the context of
bioremediation research (Jeukens et al. 2017). Achromobacter
genus was previously reported for its ability to several pollutant-
degrading such as polychlorinated biphenyls (Ahmed and Focht
1973), endosulfan (A. faecalis strain JBW4, Kong et al. 2013),

phenol (Rehfuss and Urban 2005), and fluoranthene
(A. xylosoxidans strain DNoo2, Ma et al. 2015).

Microcystin-LR removal by bacterium LG1

Fifteen bacterial strains and 1 yeast that showed distinct mor-
phological characteristics were selected from the nutritive agar
medium and their MCs removal capabilities were evaluated. A
bacterium with a high capacity to remove MC-LR could be
isolated and it was namely LG1, and an important removal of
MC-LR at 32+1 °C is showing in Fig. 1. After 7 days, a
maximum decrease in the initial toxin concentration of
79.5% (41 pg L' residual MC-LR) was observed. In Fig. 1,
it can be seen the application of linear regression at the bacte-
ria data. Data from other authors have been included in the
same figure in order to compare the bacterium LG1 under
similar conditions. In addition, in Table 1, the parameters that
were obtained with Egs. 1 and 2 can be seen. A good agree-
ment between experimental data and predicted values were
obtained with a determination coefficient (R?) ranging be-
tween 0.800 and 0.998.

ANOVA and comparison tests allowed separating the tm
(Eq. 2) into 4 groups (Table 1). Bacillus sp. and
Stenotrophomonas sp. strain EMS were the bacteria that most
quickly removed [D-Leul ] MC-LR according to Eq. 2 (tm =
0.41- 0.42 day). Then, the Sphingomonas sp. group had tm
values between 1.12—1.27 days and 10.5— 11.0 days. These
differences may be due to different species and strains that
were used. Meanwhile, LG1 presented tm value of 3.06 days.

There is no scientific literature comparing different strains of
bacteria that remove MC-LR. Although in this work we did not
study the mechanisms by which LG1 removes MC-LR, our
premise is that this bacterium uses the toxin as a carbon and
nitrogen source as has been reported in other bacteria (Park
et al. 2001; Eleuterio and Batista 2010; Giaramida et al. 2013).
Singh and Singh (2011) mentioned that the difference in removal
capability of various strains may be due to the difference in
enzyme system and/or difference in their growth rate but not
all MC degradations are genes MlIr-dependent (Zhang et al.
2020). Moreover, several authors have reported the importance
of the environmental conditions in the bio-removal process (Ren
et al. 2020) such as temperature (Park et al. 2001), pH (Chen
et al. 2010), and initial toxin concentration (Ho et al. 2007). High
temperatures and pH values were similar to those of blooms of
cyanobacteria in natural environments (Okano et al. 2015; Ren
et al. 2020). Therefore, it is possible that the bacteria are adapted
to these conditions and that exposure to MCs allows them to be
used as a carbon source according to the observations Another
important factor is the initial inoculum of bacteria. In this regard,
Kang et al. (2012) noted that a concentration lower than
10° CFU/mL decreases the ability to remove MCs. Despite dif-
ferences in experimental conditions, observations indicate that
MCs are biotransformed in the environment mediated by
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Fig. 1 Linear regression model of 0
MC-LR removed by bacteria

calculated with Eq. 1. Bacillus sp.
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heterotrophic bacteria (Christoffersen et al. 2002; Ishii et al.
2004). In addition, this not required biotic intrusion because
the microorganisms are already present (Chen et al. 2006;
Eleuterio and Batista 2010). The biological removal can be very
effective, although the factors that influence are difficult to con-
trol. For this reason, biological methods have been proposed in
combination with other physical adsorption methods (Drikas
et al. 2001) such as those practiced routinely in the drinking
water treatment process (Jones et al. 1994; Hoeger et al. 2005;
Ho et al. 2007). More recently, Li and Pan (2015) used soil
microorganisms combined with chitosan in a column as a filter
and observed a high efficiency of removal of MCs by combining
flocculation (eliminating intracellular MCs) and the filtering
process.

Effect of temperature on MC-LR removal by bacterium
LG1

The effect of temperature on MC-LR removal by bacterium
LGl1 (Eq. 3) is shown in Fig. 2a. The best conditions for the

removal of MC-LR by LG1 occurred at 36 °C, while toxin
concentration did not decrease during the experiment in the
control samples.

The constants of MC-LR removal (k) at different temperatures
were calculated by linear regression. Data in Fig. 2 show that
200 pug L 'MC-LR were removed by bacterium LG1 with &
values of 0.208+0.018 days ', 0.226+0.013 days ', and
0.250+0.012 daysfl at 28 °C, 32 °C, and 36 °C £ 1 °C, respec-
tively. Significant differences (p <0.05) were found in the &
values between 28 °C and 36 °C+1 °C being higher at high
temperature. The tm values were 3.33 +£0.08, 3.06 £0.05, and
2.77+0.05 days at 28 °C, 32 °C, and 36 °C + 1 °C, respectively.

Plot In k vs 1/T the slope is the Ea (Fig. 2b). There is a
linear relation between In(k) and 1/T, a corresponding corre-
lation coefficient R*=0.99 with A=5.15+ 0.80, slope=—
2.02+0.24, and Ea=16.79 + 1.99 kJ mol .

The Ea can be considered as the sensitivity of the k param-
eter to thermal changes and it permits to calculate the & value
at a temperature different from those tested in this work. It can
permit to characterize the LG1 bacterium respect to its ability

Table 1 Estimated linear model

parameters to fitting experimental Bacteria References k (day ") R tm (day)

data to Eq. 1 (k), coefficient of

determination (R?), and average Bacillus sp. Hu et al. (2012) —1.703 £0.06 0.94 0.41£0.05%*

removal time (tm, Eq. 2) Stenotrophomonas sp. EMS Chen et al. (2010) —1.659 £0.05 0.94 0.42 £0.04%*
Sphingomonas sp. Ishii et al. (2004) —0.637+0.04 0.87 1.12 +0.05%
Sphingomonas sp. Park et al. (2001) —0.545+£0.04 0.99 1.27+0.06" *
LG1 This work —0.226+£0.03 0.99 3.06+0.07° **
Sphingomonas AMC-3962 Ho et al. (2007) —0.066+0.01 0.80 10.5+0.06%
Sphingopyxis LH21 Ho et al. (2007) —0.063+£0.01 0.91 11.0+0.08%

Different letters in each column indicate significant differences between bacteria (*p < 0.01, **p <0.001)
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Fig. 2 a Decrease in the 0.5
concentration of MC-LR by the a
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to remove MC-LR. No information is available in the litera-
ture on the activation energy of k on Achromobacter spp.
However; previously Park et al. (2001) also found degradation
rates by Sphingomonas Y2 were strongly dependent on tem-
perature. Degradation at 5 °C was very slow, and the highest
degradation rate occurred at 30 °C.

On the other hand, some investigations about pollutant-
removing by genus Achromobacter have studied the environ-
mental conditions that improve the bacterium performance.
Singh and Singh (2011) reported that the degradation of endo-
sulfan also corresponded to the growth of the bacterial popula-
tion (A. xylosoxidans strain C8B) in soils being the best condi-
tions at 28 °C and pH 6.8. Ma et al. (2015) reported that optimal
fluoranthene-degrading conditions were 30 °C and pH =7.0,
Kong et al. (2013) reported the optimal endosulfan-degrading
conditions at 40 °C and pH=7.0. Additionally, Rehfuss and

1/T 10-3 (°Kk-T)

Urban (2005) informed phenol-degrading by Alcaligenes at
28 °C. This background on Achromobacter would indicate that
this bacterium can use diverse sources of carbon as well as other
macro and/or micronutrients so it would be effective in the re-
moval of a variety of contaminants depending on the source of
the inoculum. Likewise, bacteria better degrade contaminants at
relatively high temperatures (between > 28 °C and <45 °C) and
neutral pH (around 7.0).

Lysis activity of LG1 on Microcystis aeruginosa

Under laboratory conditions, the lysis activity of LG1 on
M. aeruginosa was observed indirectly measured as cellular
Chl-a concentration. In Fig. 3, the Chl-a concentration of
M. aeruginosa CAAT-2005-3 and 24A in the control and
treatment samples can be seen. Initial Chl-a concentrations
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Fig. 3 Chl-a lysis by bacteria 4500
LGI1 on a M. aeruginosa strain a)
24A at different temperatures
black diamond—28 °C, black up- 4000 -
pointing triangle—30 °C, and
black square—36 °C; control at
white diamond—28 °C, white up- 3500 -
pointing triangle—32 °C, and
white square—36 °C. b
M. aeruginosa strain CAAT- 3000 -
2005-03 at different temperatures
black diamond—28 °C, black up-
pointing triangle—30 °C, and
black square—36 °C, and control 2500 c
at white diamond—28 °C, white
up-pointing triangle—32 °C, and
white square—36 °C 2000 -
—
by
-l 1500 : : :
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=
4500
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varied between 2500 and 3200 pg L' (10°cellmL™"). At the
end of the experiments, the treatments had a concentration
between 1900 and 2100 pg L ' (10* cell mL ~"). The same
figure shows that the Chl-a decreased in the treatment samples
respect to controls in both strains of M. aeruginosa.
Additionally, Table 2 shows % lysis activity that was obtained
using Eq. 3.

In this figure, it can be observed that when the temperature
increased from 28 °C to 36 °C, the concentration of Chl-a
decreased in two strains of M. aeruginosa with respect to the
control samples (Table 2), and no-degradation occurs in the
control samples. During the assays, it was observed that the
lysis activity was maximum at 36 °C showing 48 and 55% for
M. aeruginosa strain CAAT-2005-03 and 24A respectively,
in 7 days (Table 2).

@ Springer

time (day)

Analysis of variance and comparison tests (Table 2) for
lysis activity according to the temperature incubation of
M. aeruginosa showed no significant differences between

Table 2 Percentage lysis activity in 7 days (Eq. 3) on M. aeruginosa
strain CAAT-2005-03 and 24A at 3 temperatures by LG1 bacterium

% lyses activity in 7 days

Strain 28 °C 32°C 36 °C

24A 253 +£2.2%* 43.0+2.0°* 483 +5.5%

CAAT 29.0 + 1.8%#* 40.9+1.5%* 55.0+3.8%*
-2005-03

Different letters in each column indicate significant differences between
bacteria (*p < 0.01, **p < 0.001)
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strains (p =0.415). However, for each strain, significant dif-
ferences between temperatures were observed and lysis activ-
ity at 28 °C was very significantly different to 32 °C and 36 °C
(p<0.001), and 32 °C was different at 36 °C (p < 0.05).

Several investigations have been conducted in order to study
the activity of lysis on Microcystis species by bacteria. Some of
them were isolated from aquatic environments and reported as
Alcaligenes denitrificans (Manage et al. 2000), Bacillus cereus
N-14 (Nakamura et al. 2003), Pseudomonas stutzeri B2 and
Bacillus mycoides B16 (Gumbo et al. 2010), Pseudomonas
aeruginosa R219 (Ren et al. 2010), Rhodococcus sp. KWR2
(Lee et al. 2010), Aeromonas LTH-1 (Yang et al. 2013), and
Acinetobacter sp. J25 (Su et al. 2016).

A few works found that dually, a bacterium could produce
cell lysis and removal MC-LR such as Pseudomonas (Zhao
et al. 2005), and Acinetobacter (Li et al. 2016). Both bacteria
had greater capacity than Achromobacter LG1. However,
LG1 had similar % lysis activity than P. stutzeri B2 (Gumbo
et al. 2010) with a 48% reduction in the Microcystis cell
number.

Similarly, only a few studies investigated environmen-
tal factors that affect lysis activity. Nakamura et al. (2003)
found that as the temperature increases (from 25 °C
to 30 °C), the cells were lysed more effectively in alkaline
pH conditions. Moreover, Su et al. (2016) reported that
the best temperature for lysis activity was 30.5 °C. Like
Achromobacter, the lysis activity would increase to high
temperatures and pH from neutral to alkaline. This is be-
cause in natural environments, there is usually a direct
correlation between the concentration of cyanobacteria
and bacteria (Daft et al. 1975) where the blooms occur
in the summer (high temperatures), and during the photo-
synthesis, the inorganic carbon decreases increasing the
pH values (De Ledn 2002). Although if the equilibrium
changes markedly as a result of a change in environmental
conditions situations may arise where the bacteria may
play an important role in the lysis of algal blooms (Daft
et al. 1975). Some of these investigations studied the
mechanisms by which lysis activity occurs indicating that
some bacteria produced extracellular algicidal substances
(Lee et al. 2010; Yang et al. 2013) and others did not
produce them (Manage et al. 2000). However, Daft et al.

(1975) mentioned that the bacteria require contact with
the host for lysis to occur. Although in the present work
the lysis activity mechanisms were not studied, it seems
that they can vary according to the type of bacteria and
the bacteria-cyanobacterial relationship that is established.

Growth bacterium LG1 at different temperatures

The bacterial LG1 growth was studied at 3 temperatures on a
broth culture. The growth is shown in Fig. 3. The number of
CFU mL"" obtained as a function of time was modeled using
the modified Gompertz (Eq. 4). Fitting of the Gompertz model
to experimental data of bacterium growth at 28 °C, 32 °C, and
36 °C is shown in Fig. 4a. At least 8 data points were obtained
per curve and each point was the mean of two microbial
counts. In all cases, a good agreement between experimental
and predicted data was obtained (Table 3).

The Gompertz parameters and the derived parameters (y,
LPD, and MPD) at 28 °C, 32 °C, and 36 °C £ 1 °C are shown
in Table 3. Bacterium growth at 36 °C had higher ;4 values and
the lowest LPD values with significant differences (p < 0.05).
No significant differences were obtained in MPD values at
different temperatures.

In the same way as in this work, some studies coinciding
with the fact that bacteria that remove MC and lyse
Microcystis cells grow better at high temperatures and
neutral-alkaline pH values. Ma et al. (2015) reported optimal
conditions for A. xylosoxidans strain DN0O02 growth at 37 °C
and pH = 7.2. Previously, Daft et al. (1975) had reported that a
set of bacteria that lysate cyanobacteria grow well at temper-
atures between 28 °C and 32 °C and up to 37 °C, and pH =
7— 9. On the other hand, A. xylosoxidans strain C8B had
grown very fast at 35 °C initially without any lag phase while
it was 4 and 8 h respectively at 28 °C and 20 °C using a Luria-
Berniti medium (Singh and Singh 2011). In addition, the op-
timal pH was 6.8 (Singh and Singh 2011).

Additionally, Fig. 4b shows the effect of temperature on x
values of LG1 bacterium. There is a linear relation between In(y)
and 1/T a corresponding correlation coefficient R* = 0.89
with A=18.70+6.77, slope=—5.93+2.01, and Ea=49.28
+16 kJ mol .

Table3  Gompertz equation parameters a, ¢, b, m and derived kinetics parameters (1, LPD, and MPD) for LG1 bacterium growth in culture conditions
at 28 °C, 32 °C, and 36 °C

Temperature (°C) ¢ b m a wdm™h LPD (h) MPD (CFUmLY) R? RMSE
28 381+0.19 025+0.03 7.81+026 5.02+0.12 035+0.06° 3.81+0.74" 883+031%" 0.999  0.128
32 495+037 030+0.05 7.07+043 4354024 055+0.17°° 3.72+0.98" 930+0.61% 0.985 0.387
36 3.99+0.10 040+0.05 431+0.16 5.03+£0.07 059+0.11° 181+047*" 9.02+0.17%" 0.997 0.104

Different letters in each column indicate significant differences between bacteria (*p < 0.01, **p <0.001)
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Fig. 4 a Growth of LG1 in broth 10
culture at different temperatures
black diamond—28 °C, black up-
pointing triangle—32 °C, and
black square—36 °C. b Arrhenius
plot of 1« values and 1/T for
determination of activation
energy
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The effect of temperature on the removal of MC-LR eval-
uated by Ea=16.79 kJ mol ' resulted to be 3 times less than
the effect of temperature on the growth of the bacterium
whose value was Ea=49.28 kJ mol '. This means that the
growth of LG1 bacteria is more sensitive to thermal changes
than the removal of MC-LR.

The present work allowed predicts microbial growth of
LGl bacteria at different temperatures, by means of activation
energy values for and m, derived from Arrhenius type models.
Besides, the obtained results will help to develop a software to
predict the growth of LG1 submitted to thermal variations
within 28 °C-36 °C range in scenarios of climate change
where a significant increase in temperature is expected.

@ Springer
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Under these conditions, this bacterium shows greater lysis of
M. aeruginosa and removal of MC-LR. On the basis that
microbial testing in water is expensive and time-consuming,
mathematical models become a useful tool to provide a matrix
of microbial growth responses to a broad range of conditions.

Conclusion

Microcystin-LR bio-removal was studied as biological
methods that it can use as complementary pollution water
treatment. The bacteria were demonstrated a high ability for
MC-LR removal mainly the Sphingomonas group. This work
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was the first to record the ability MC-LR removal by indige-
nous microorganisms and a strain belonging to the genus
Achromobacter isolated from the Rio de la Plata River.
These showed good results, although these did not rich the
levels suggested by the WHO (1 pg L") in the MC-LR re-
moval assay. In addition, this bacterium was able to remove
Chl-a as lysis activity being previously reported by other au-
thors. We provided the experimental and predictive data
through mathematical modeling of removal MC-LR, lysis ac-
tivity, and growth Achromobacter spp. at 3 temperatures in
laboratory conditions considering the scenarios of global
change.

The isolation of new bacterial strains degrading MCs could
be a simple, low-cost, and effective water treatment method
that can be combined with other methods such as adsorption.
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University National of La Plata (UNLP X526), National Agency of
Scientific and Technical Research (PICT0861-2013), and
CONICET(PIP0959).
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