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Abstract

In this study, two cyanobacterial strains (morphologically identified as Microcystis novacekii BA0O5 and Nostoc paludosum
BAO033) were exposed to different Mn concentrations: 7.0, 10.5, 15.7, 23.6 and 35.4 mg L~! for BA0O5; and 15.0, 22.5,
33.7, 50.6, and 76.0mg L™! for BA033. Manganese toxicity was assessed by growth rate inhibition (ECsg), chlorophyll a
content, quantification of Mn accumulation in biomass and monitoring morphological and ultrastructural effects. The Mn
ECs, values were 16 mg L~! for BA00O5 and 39 mg L~! for BA033, respectively. Reduction of chlorophyll a contents and
ultrastructural changes were observed in cells exposed to Mn concentrations greater than 23.6 and 33.7 mgL™! for BA0O5
and BA033. Damage to intrathylakoid spaces, increased amounts of polyphosphate granules and an increased number of
carboxysomes were observed in both strains. In the context of the potential application of these strains in bioremediation
approaches, BAOO5 was able to remove Mn almost completely from aqueous medium after 96 h exposure to an initial
concentration of 10.5mgL~", and BA033 was capable of removing 38% when exposed to initial Mn concentration of
22.5mg L', Our data shed light on how these cyanobacterial strains respond to Mn stress, as well as supporting their utility
as organisms for monitoring Mn toxicity in industrial wastes and potential bioremediation application.
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Introduction

Manganese (Mn) is an essential micronutrient that may
become toxic if present at high concentration. In humans,
exposure to high levels of Mn results in neurological and
neuropsychiatric effects such as hallucination, emotional
instability, weakness, as well behavior and speech
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disorders, which are similar to Parkinson’s disease and are
named Manganism (Siqueira 1985). The majority of
environmental studies available to date focus on the adverse
effects of Mn on plants (Marschner 1995; Lizieri et al.
2012), which typically display symptoms including cell
wall deformation, reduction of photosynthetic apparatus,
stunting, burning of leaf tips and flowers, as well as shri-
veling of leaves (Lindon et al. 2004; Reichman 2002,
Lizieri et al. 2012; Carrasco-Gil et al. 2015). Nevertheless,
little is currently known concerning the effects of Mn on
aquatic communities, and in particular on cyanobacterial
populations.

To establish water quality standards and avoid chronic
human contamination, the World Health Organization
(WHO) recommended, until 2011, a Mn limit of 0.4 mg L}
for drinking water (Frisbie et al. 2012). In Brazil, the
National Environmental Council allows 0.1 mgL ™' Mn as
the maximum permissible limit (MPL) for water supply for
human consumption and 1.0mg L' in effluent discharge
(Brazil 2005). Higher values are frequently found in water
resources in several countries, including Brazil, due mainly
to natural Mn deposits in rock (Roy 1997). Natural sources
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of Mn include direct deposition, ocean spray, forest fires
and volcanic activity, while anthropogenic Mn pollution
derives from municipal wastewater discharges, mineral
processing (CICAD 2004), industrial activities based on
outdated technologies (Duan et al. 2010) and inadequate
tailing storage conditions. In November 2015, a huge
environmental disaster occurred in Brazil due to the col-
lapse of a tailings dam controlled by a local mining com-
pany at Mariana city (20° 22 40 S; 43° 24’ 58” W), in
Minas Gerais state. One of the most important rivers of
south-eastern Brazil (Rio Doce) was inundated with mud
containing mining waste, which affected the entire river
downstream and eventually reached the Atlantic coast.
Water and sediment analyses from the affected areas
recorded high concentrations of total Mn, iron (Fe), alu-
minum (Al) and other metals. In some parts of the river
system Mn values around 857 mgL~! were recorded
(IGAM 2017), almost four orders of magnitude greater than
the Brazilian MPL for drinking water.

Given this scenario, the search for clean technologies for
water decontamination has stimulated research into the
application of microorganisms for metal immobilization
(Farag et al. 1998; Ji et al. 2012). In the process of the
remineralization of nutrients, some microscopic phyto-
plankton are able to bioaccumulate toxic organic or inor-
ganic compounds (Bonaventura and Johnson 1997; Vidali
2001; Franco et al. 2015). However, the knowledge of the
bioaccumulation potential of Mn on cyanobacteria and
microalgae is limited to few species and its toxic effects are
currently not well understood (Mohamed 2001; Dohnalkova
et al. 2006; Brandenburg et al. 2017).

Among phytoplankton groups, some cyanobacteria have
been highlighted as excellent models to evaluate and
monitor environmental pollution (Campos et al. 2013).
Over evolutionary time, these organisms have developed
diverse strategies enabling toleration of toxic elements in
the surrounding medium (Perales-Vela et al. 2006). Fur-
thermore, some cyanobacterial strains can combine an
autotrophic mode of growth with mixotrophy, which
enables their growth using various organic carbon sources
(Chojnacka and Noworyta 2004). The combination of cel-
lular and structural adaptations allows their survival under a
wide range of environmental conditions (Komdrek and
Anagnostidis 1998, 2013). Due to their biochemical, phy-
siological and anatomical characteristics, cyanobacteria are
used in various biotechnological processes, including bior-
emediation (Pokrovsky et al. 2008; Pereira et al. 2011,
Kumar et al. 2012) and the assessment of element toxicity,
including As (Pandey et al. 2012; Franco et al. 2015), Pb
(Arunakumara and Xuecheng 2009) and other toxic ele-
ments (Hudek et al. 2012).

In this study we investigated the effects of exposure to
varying concentrations of Mn on the physiological and
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ultrastructural characteristics, growth rate, and bioremedia-
tion capacity of a coccoid and a filamentous-heterocytous
cyanobacterial strain. The data obtained shed light on cya-
nobacterial responses to Mn exposure and the bioremedia-
tion potential of these two strains, as well as enhancing
understanding of Mn toxicity on aquatic organisms.

Material and methods
Cyanobacterial identification

Two morphologically distinct cyanobacteria, a unicellular
strain (BAOOS5) and a filamentous heterocytous strain
(BA033) were selected. The strain BAOO5 was isolated
from water samples collected at the Dom Helvécio lake,
Parque Estadual do Rio Doce (19° 46° 55” S; 42° 35° 28”
W) and the strain BA033 was obtained from a stream water
sample obtained downstream of a gold processing plant in
the municipality of Nova Lima (19° 58 74.8” S; 43° 49’
25.9” W), both sampling sites located in Minas Gerais state,
Brazil. Cultures of BAOOS5 were maintained in ASM-1
medium (Gorham et al. 1964) and those of BA033 in BG-
11y (Allen and Stanier 1968), the media being chosen after
initial trials (data not shown). Both cultures were main-
tained in a growth chamber at 21.0 + 1.0 °C, under constant
illumination from white cold fluorescent lamps, with
intensity of 110 umol photons m s~ (OSBRAM, lumilux-
cool, 16 W, Brazil) at the Microalgae and Cyanobacteria
Culture Collection of the Laboratory of Limnology, Eco-
toxicology and Aquatic Ecology of the Institute of Biolo-
gical Sciences, Universidade Federal de Minas Gerais,
Brazil. For taxonomic identification, morphological diacri-
tical traits were examined under an optical light microscope
(Zeiss AxioCam ICcl) and molecular analyses were carried
out. For molecular analysis, the total genomic DNA was
extracted from 2-3 mL of 14 days-old cultures, applying the
UltraClean” Microbial DNA Isolation Kit (MoBio, Carls-
bad, CA). Partial 16S rRNA gene sequence was amplified
by PCR, using the primers 27F1 (Neilan et al. 1997) and
23S30R (Taton et al. 2003) as described previously (Gen-
udrio et al. 2013). The PCR products were cloned in a
pGEM-T Easy Vector System (Promega, Madison, WI,
USA) following the manufacturer’s instructions, and com-
petent Escherichia coli DH5a cells were then submitted to
transformation. The plasmids containing the cyanobacterial
16S-23S fragments were purified using the UltraClean®
Standard Mini Plasmid Prep Kit (MoBio, Carlsbad, CA),
and were then sequenced following Genudrio et al. (2013)
and Vaz et al. (2015). Two independent phylogenetic
reconstructions were carried out, the first for 16S rRNA
sequences of unicellular morphotypes, and the second for
sequences retrieved from filamentous heterocytous
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morphotypes. The 16S gene fragment sequences obtained in
this study and related ones obtained from GenBank were
aligned using CLUSTAL W and trimmed. For the uni-
cellular phylogenetic tree, a total of 62 16S rRNA
sequences were used, generating a matrix of 1369-bp
length. For the nostocacean (filamentous heterocytous)
phylogenetic tree, 105 16S rRNA sequences were used in a
matrix with 1442-bp length. In both cases the phylogeny
was inferred based on the Maximum Likelihood (ML)
method. The Kimura 2-parameter model with gamma dis-
tributed with invariant sites (K2 + G +1) was selected as
the best-fitting model, applying the model-testing function
in MEGA version 5 (Tamura et al. 2011). The robustness of
the phylogenetic trees was estimated by bootstrap analysis
using 1000 replications.

The new nucleotide sequences have been deposited in
the NCBI GenBank database under the accession numbers
KX423683 and KX423684, for Microcystis novacekii
BAOO5 and Nostoc paludosum BAO33, respectively.

Acute toxicity test

Manganese toxicity tests were performed following the
recommended methodology of OECD 201 (2011). Repli-
cates consisted of cyanobacterial cultures prepared in
250 mL Erlenmeyer flasks containing 150 mL of culture
medium (pH = 7.0 £0.2). Initial cell concentration was 10°
cells mL~". The experiment was conducted under the growth
conditions described above. Once exponential growth phase
was reached, cultures were exposed to increasing con-
centrations of Mn. A stock solution of 15 gL~ was pre-
pared from MnCl,-4H,0 and was added to the cultures, to
give the following Mn concentrations: 7.0, 10.5, 15.7, 23.6,
and 35.4mgL~" for BAOO5 and 15.0, 22.5, 33.7, 50.6, and
76.0mg L~" for BA033. Control groups in both experiments
were the respective culture medium inoculated with cyano-
bacteria. The Mn concentrations used in both experiments
were determined in preliminary tests (data not shown) to
achieve the growth inhibition range recommended in OECD
201 protocol. Negative controls (replicates without cyano-
bacteria cells) were used to confirm the initial Mn con-
centrations in the supernatant of the cultures.
Cyanobacterial growth was monitored daily up to 96 h
by measuring optical density at 680 nm (DOgggnm). The
equation %I = [(u.— u)/uc] x 100 was used to calculate the
percentage of growth inhibition (%), in which u. is the
average growth rate of the control group and y, the average
growth rate under Mn exposure. The equations y=
5.238x—35.402 (r*=0.90) for BA0O5 and y=1.259x —
0.1512 (r2 =0.91) for BA0O33 were obtained by linear
regression of the growth inhibition percentage as function of
Mn concentration and used to calculate the Mn concentra-
tion that effectively reduced the growth rate by 50%. The

high 7* values obtained for both strains demonstrate that the
linear fit was adequate for the calculation of ECsy as
recommended by the OECD 201 protocol.

Chlorophyll a content

To determine total chlorophyll a content (Chl a) after 96 h
of exposure to Mn in the acute toxicity test, aliquots
(10 mL) were taken from each Erlenmeyer flask and cen-
trifuged at 5000 x g for 10min. The supernatant was
removed and 3.5 mL of methanol (90%) was added to the
pellet, which was then vigorously stirred in a manual shaker
(Vortex) for 30s and left for 25 min in the dark at room
temperature. The absorbance (UV/Visible Hitachi U-200)
was measured at 665 nm and the Chl a was determined by
the equation: Chlorophyll a (mgL™') = ax Absorbance
665 nm, where «a is the absorption coefficient for Chl a
extracted with methanol (o = 12.7) (Meeks and Castenholz
1971; Modified by Fiore et al. 2000).

Mn determination in biomass

After 96h of exposure to Mn in the acute toxicity test,
30 mL aliquots of each replicate were centrifuged (20 min,
1569 x g) and the biomass obtained was divided in two
subsamples: one washed with Mes-EDTA buffer to remove
the Mn atoms attached to cells by physicochemical process
(biosorbed) and the other was washed with ultrapure water
(Milli-Q) to quantify the total Mn bioaccumulated in cells
(as a result of physicochemical and biological processes).
Washing consisted of adding Mes-EDTA buffer (pH = 5) or
ultrapure water to the pellet, vortexing the sample, and
centrifuging (20 min, 1569 x g); this procedure was repe-
ated three times. The biomass samples were dried at room
temperature, in a desiccator until constant mass and were
mineralized by adding 3 mL of concentrated HNO; (96%)
and 1 mL of H,O, (30%) in Teflon tubes (Truus et al. 2007).
Samples were heated in a microwave accelerated reaction
system (ETHOS One model, Milestone Microwave Sys-
tems, Shelton, USA) for 30 min at 200 °C and pressure of
45bar. The final volume was adjusted to 25 mL with
ultrapure water and kept under refrigeration (7 °C) until
analysis. All Mn determinations were performed by induc-
tively coupled plasma optical emission spectrometry (Per-
kin Elmer Optima 4300 DV). The values of Mn in biomass
were expressed in mg Mn g~ ! of biomass.

Mn determination in solution
After 2 and 96 h of Mn addition in the acute toxicity test,
subsamples of 10 mL of all replicates were collected and

centrifuged (1569 x g, 10 min, 25 °C) and the supernatant
obtained was filtered through a glass fiber membrane
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(1.2 ym), acidified with concentrated HNO3; (96%) and kept
under refrigeration until analysis. Subsamples of the nega-
tive control were collected after 2h of the Mn addition,
acidified with concentrated HNO5; (96%) and kept under
refrigeration until analysis in ICP-OES. The Mn fraction
removed from the supernatant was expressed as a percen-
tage of the Mn concentration measured in the negative
control.

Ultrastructural effects of Mn exposure

For transmission electron microscopy (TEM) analysis, ali-
quots (10 mL) from all treatments in the Mn acute toxicity
test (96 h) were fixed in glutaraldehyde (2.5%) in phosphate
buffer (0.05M, pH 7.0) for 24 h and washed three times in
phosphate buffer (0.1 M). The fragments were post-fixed in
osmium tetroxide (1%) prepared in the same buffer and left
for 4 h. They were then dehydrated in an ascending ethanol
series before embedding in Spurr’s resin (Spurr 1969) and
the blocks were polymerized at 650 °C for 20 h. Ultra-thin
sections were obtained with the aid of an ultramicrotome
(Sorvall Model MT-2). Post-staining took place in uranyl
acetate and lead citrate (Reynolds 1963). The samples were
then examined in a transmission electron microscope (FEI,
Tecnai G2 Spirit TWIN, 120kV) in the Center of Micro-
scopy of the Universidade Federal de Minas Gerais.

Statistical analyses

Cyanobacterial growth was analyzed using two-way ana-
lysis of variance (ANOVA) with respect to the two factors,
namely Mn concentration and time, and the means were
compared pairwise using Tukey’s post hoc test (p <0.05).
The average Chl a content was compared between groups
(n =3) using ANOVA and the means compared pairwise

in the biomass as a function of the concentration of Mn in
the medium was analyzed using linear regression or a sec-
ond order polynomial adjustment, according to the best fit
of the data for each species of cyanobacteria.

Results
Cyanobacterial identification

After morphological inspection of diacritical traits, the
unicellular strain BA0OS was assigned to the morphospecies
Microcystis novacekii (Komarek) Compere 1974:19, which
is typified by free-floating colonies with individual cells
forming thick aggregates in the center of the colony and
with very few isolated cells in the periphery; after division
the cells are spherical or hemispherical (Komdarek and
Anagnostidis 1998, 2013). The filamentous heterocytous
strain BAO33 was morphologically identified as Nostoc
paludosum Kiitzing ex Bornet et Flahault 1886:191, and has
aggregated filaments, slightly straight, unbranched, with
intercalary and terminal heterocytes, production of mucilage
and sometimes forming colonies. The trichomes are iso-
polar, uniseriate and usually constricted (Komérek and
Anagnostidis 2013).

Partial 16S rRNA gene sequences were obtained for both
strains: 1354 bp for BAOOS and 1412 bp for BA033. Ana-
lyses applying the BLAST tool (NCBI) showed identities
greater than 99.1% and ranging from 96.8% to 99%,
respectively, with sequences retrieved from Microcystis and
Nostoc morphotypes (Table 1).

In the phylogenetic reconstruction based on the 16S
rRNA partial sequences from unicellular strains (Fig. 1) the
sequence obtained from M. novacekii BAOO5 grouped
together with other sequences from Microcystis spp. mor-

using Tukey’s post hoc test (p < 0.05). The accumulated Mn photypes and also with sequences from uncultured
(T)?b1lgs1 r}glilq:eggsei?re;gtig; rEZO) Code Lenght (bp) Closest match (accession number) Cc® (%) I° (%)
among UFMG strains and other  pri 6 0poric sp. 1354 Microcystis sp. 0901-4C (AB936780)* 100 99.2
cyanobacterial strains available ) ] )
in GenBank Microcystis aeruginosa NIES-2549 (CP011304) 100 99.1
Microcystis sp. 130 (AJ133170) 100 99.1
Microcystis ichthyoblabe VN325 (AB666073) 99 99.2
Microcystis aeruginosa 0BB35S02 (AJ635430) 100 99.1
Nostoc sp. 1412 Nostoc sp. THISO01 (AM711547) 100 99.0
Nostoc sp. SAG 2306 (GQ287649) 100 98.2
Nostoc sp. PCC9426 (AM711538) 100 97.8
Trichormus azollae Kom BAI/1983 (AJ630454) 100 97.3
Nostoc piscinale CENA21 (AY218832) 100 96.8

“Published sequences of culturable strains

bCoverage
“Identity
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Fig. 1 Maximum likelihood
phylogenetic tree based on 16S
rRNA gene sequences of
unicellular strains. The sequence
from the novel strain,
Microcystis novacekii BA0OS, is
shown in bold with a black
circle. A bootstrap test involving
1000 resamplings was
performed and bootstrap values
greater than 50% are given in the
relevant nodes

Microcystis aeruginosa NIES-298 (FJ461749)
Microcystis aeruginosa PCC7941 (AJ133171)
Microcystis sp. CCAP 1450/13 (HE975021)
Micr tis sp. 205 (AY439281)
Microcystis aeruginosa UWOCC E7 (AF139326)
Microcystis aeruginosa UTEX LB 2388 (HE974994)
Microcystis sp. 199 (AJ133172)
Microcystis aeruginosa NIES-101 (FJ461750)
Microcystis ichthyoblabe TAC48 (AB012338)
Microcystis aeruginosa PCC7005 (MAU40338)
Microcystis novacekii TAC20 (AB012336)
Microcystis sp. CENA133 (KP835536)
Micrucy.s‘tisﬁ’os—aquae UWOCC N (AF139327)
Microcystis aeruginosa 0BB35S02 (AJ635430)
Microcystis panniformis VN425 (AB666076)
Microcystis sp. CENA120 (KP835525)
Microcystis panniformis CENA121 (KP835526)
Microcystis flos-aquae UWOCC C3 (AF139329)
75 Microc aeruginosa NIES-843 (NR 074314)
Microcystis novacekii BC18 (AB035551)
Microcystis viridis TAC17 (AB012328)
Microcystis viridis NIES-102 (DQ648027)
Microcystis viridis CC9 (AB035552)
Microcystis sp. GL260735 (AY439282)
Microcystis aeruginosa TAC170 (AB012340)
Microcystis aeruginosa 0BF29S03 (AJ635432)
Microcystis aeruginosa PCC7806 (AF139299)
Microcystis wesenbergii NIES112 (MWU40334)
Microcystis wesenbergii NIES 104 (AJ133174)
ystis panniformis VN354 (AB666074)
s Microcystis panniformis VN355 (AB666075)
Microcystis ichthyoblabe TC24 (AB035550)
D Microcystis novacekii BA00S
Microcystis Sp. 130 (AJ133170
51 Microcystis ichthyoblabe (AB012339)
Microcystis sp. 0901-4C (AB936780)
Uncultured cyanobacterium 920DA002 (AB935944)
Microcystis ichthyoblabe VN325 (AB666073)
Uncultured cyanobacterium 920D8001 (AB935937)
Gloeothece membranacea PCC6501 (X78680)
50 Cyanothece sp. PCC7424 (AF132932)
Gloeocapsa s]p PCC73106 (AB039000)
%0 Snowella litoralis 0TU37S04 (AJ781040)
100 Snowella rosea 1LM40S01 (AJ781042)
Snowella litoralis 1LT47S05 (AJ781041)
Woronichinia naegeliana OLE35S01 (AJ781043)
Merismopedia glauca 0BB39S01 (AJ781044)
o4 Synechocystis sp. PCC6803 (NR_074311)
Merismopedia glauca B1448-1 (X94705)
Synechocystis sp. PCég(ﬂOZ (AB041936)
56 Synechocystis sp. PCC6805 (AB041938)
Synechocystis sp. PCC 6714 (AB041937)

Synechococcus elongatus PCC 7942 (AF132930)

Synechococcus s];) MLCB (EF630354)
Cyanobium sp. PCC9005 (AF216950)
o7 Synechococcus sp. CENA136 (HQ730085)
Synechococcus sp. BSS (AF330253)
Cyanobium sp. Y0011 (AY183114)
w Synechococcus sp. PCC7920 (AF216948)
P Cyanobium sp. PCC 6904 (AF216944)
4 dfaizobiunz sp. PCC6307 (AF001477)

99

Gloeobacter violaceus PCCT7421 (NC005125)

002

organisms in a robust cluster (100% bootstrap value). In the
phylogeny from nostocacean strains (Fig. 2) the sequence
retrieved from BAO33 was placed in a cluster with other
sequences of Nostoc, Anabaenopsis and Trichormus mor-
photypes (89% bootstrap values—cluster G-I). As an internal
group (Fig. 2, subcluster G-Ia), with 50% bootstrap value,
the sequence of BAO33 grouped with sequences which
shared the highest identity values (Table 1). The cluster G-I
is not related to the true group of the genus Nostoc (Nostoc
spp. sensu stricto) and is also separated from the recently
described new genera Desmonostoc, Mojavia and Halotia,
reinforcing the polyphyletic status of the genus Nostoc.

Acute toxicity test

Manganese affected cyanobacterial growth as a function of
concentration and exposure time. The ECs, value obtained
for BAOO5 was 16 mg L ™! (with a 95% confidence interval
of 11 to 21 mg L"), and for BA033 was 39 mg L' (with a

95% confidence interval of 23 to 55 mg L (Fig. 3). When
exposed to 7.0mg L~! Mn, no effect on growth of BA00S
(Fig. 4a) was observed after 96 h (p =0.34). However, at
35.4mg MnL ™!, negative effects were detected after 24 h
(p <0.01), while after 48 h significant growth inhibition
was observed at 23.6 and 35.4 mg MnL™! (p <0.01). After
96 h growth inhibition was significant at concentrations of
10.5, 15.7, 23.6, and 35.4 mg Mn L! (» <0.01). Growth
inhibition of BAO033 (Fig. 4b) was initially detected after
48 h of exposure to 50.6 and 76.0mg MnL™! (p <0.01).
After 96 h negative effects on growth were apparent at all
Mn concentrations used (p <0.05).

Chlorophyll a content
After 96 h of Mn exposure, the Chl a content increased in
cells of BA005 exposed to 15.7mgL~! (p <0.01) and

showed a significant decrease at concentrations of 23.6 and
35.4mg L ! (p<0.01) (Fig. 5a). In contrast, in tests with
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Fig. 2 Maximum likelihood
phylogenetic tree based on 16S
rRNA gene sequences of
Nostocacean strains. The
sequence from the novel strain,
Nostoc paludosum BAO033, is
shown in bold with a black
circle. A bootstrap test involving
1000 resamplings was
performed and bootstrap values
greater than 50% are given in the
relevant nodes

72 Anabaena cylindrica UTAD_A212 (GQ443447)
5 Anabaena cylindrica NIES19 (AF247592)
¥ Anabaena cylindrica DC-3 (EU780157)
Anabaena sp. BECID19 (EF583857)
Anabaena augstumalis SCMIDKE JAHNKE/4a (AJ630458)
Anabaena vaginicola 1ISC90 (JN873351)
Trichormus variabilis HINDAK 2001/4 (AJ630456)
96 Trichormus variabilis GREIFSWALD (AJ630457)
92 Anabaena flos-aquae PCC9302 (AY038032)
ol Anabaena flos-aquae 1tu30s4 (AJ630422)
71 Anabaena sp. BIR25 (EF568914)
Anabaena spiroides 1tu39s17 (AJ630440)
Anabaena spiroides PMC9702 (AJ293118)
7 % Anabaena spiroides TAC551 (AB551476)
Anabaena sp. BECID23 (EF583859)
Anabaena sp. XSP2A (EF583854)
99 Anabaena oscillarioides BECID22 (AJ630426)
Anabaena oscillarioides BECID32 (AJ630427)
Nostoc sp. PCC8112 (AM711537)

4 Anabaenopsis spp./Cyanospira spp. (10 OTUs)

\ < Nodularia spp. (11 OTUs)
d Halotia spp. (10 OTUs)

90

89

7
¥ ‘ Demonostoc spp. (26 OTUs)

73

63

8 Nostoc sp. HK-01 (AB085687)

8 Nostoc sp. ANT.LG2.6 (AY493595)

Nostoc sp. YK-01 (AB187507)
0 Nostoc sp. PCC6720 (DQ185240)
Anabaenopsis circularis NIES21 (AF247595)
9 @ Nostoc paludosum BA033
s Nostoc sp. TH1S01 (AM711547)
Nostoc sp. SAG 2306 (GQ287649)
50 Nostoc piscinale CENA21 (AY218832)
Nostoc sp. PCC9426 (AM711538)
80 Trichormus azollae Kom BAI/1983 (AJ630454)
Mojavia pulchra JT2-VF2 (AY577534)
Nostoc verrucosum KU00S5 (AB494996)
Nostoc calcicola TH2S22 (AM711529)
Nostoc sp. Mollenhauer 1:1-088 (DQ185208)
99 Nostoc sp. ANT.L52B.7 (AY493623)

G-la

69

Nostoc commune (AB098071)
Nostoc sp. PCC9709 (AF027654)
Nostoc muscorum SAG 57.79 (DQ185254)
Nostoc calcicola 11T (AJ630447)
66 Nostoc flagelliforme Sunitezuoqi (GU810186)
Nostoc lichenoides CNP-AK1 (AY577535)
Nostoc punctiforme PCC73102 (NC 010628)
Nostoc edaphicum X (AJ630449)
Nostoc commune UTEX584 (AY218833)
Nostoc sp. 10-102-1 (AY566855)
72 Nostoc sp. UK18 (FI815291)

Nostoc spp.
sensu stricto

Nostoc ellipsosporum V (AJ630450)

0.02

BAO33 a gradual decrease in Chl a content (Fig. 5b) was
observed with increasing Mn concentration (p < 0.01).

Mn bioacumulation in biomass

In both strains the quantification of Mn in the biomass
washed with MES-EDTA was below the detection limit
(0.005 mg gfl; data not shown). On the other hand, for
both strains the amount of Mn bioaccumulated in the
biomass washed with ultrapure water increased with
higher Mn concentration in the culture medium (Fig. 6).
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Trichodesmium erythraeum IMS101 (NC_008312)

For the strain BAOOS, at the lower Mn concentrations (7.0
and 10.5mgL"~") biosorption values were 0.026 and
0.059mg g~ ' (mg of Mn per g of biomass), at the inter-
mediate Mn concentration (15.7 mgL™"), the biosorption
was 0.11 mgg~!, and at the highest Mn concentrations
(23.6 and 35.4mgL~") the biosorption values were
similar in both treatments (0.167 and 0.175mgg™ '),
suggesting a possible saturation effect on binding sites at
Mn concentrations of 23.6 mgL~! and above. The strain
BAO33 showed increased biosorption values with
increasing Mn concentration in the culture medium: 0.025
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b Nostoc paludosum BA033, y=1.259x —0.1512 (+* =0.91). Points
are average + SE

and 0.041 mgg ' in the lower Mn concentrations (15.0
and 22.5mgL~!, respectively), 0.061mgg~' at the
intermediate Mn concentration (33.7 mg L1, and 0.079
and 0.139mgg~' at Mn concentrations of 50.6 and
76.0 mg L™, respectively.

Mn concentration in solution
Considering the Mn concentration in solution (Table 2), a

decrease in Mn content was observed in the first 2h of
exposure in both cyanobacterial strains. In addition, the
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Fig. 4 Growth of Microcystis novacekii BA0OOS5 (a) and Nostoc palu-
dosum BAO33 (b) during 96 h exposure to different Mn concentra-
tions. Points are average + SE

percentage of Mn removed was greater with longer expo-
sure time (96 h), especially using strain BAOOS when Mn
concentration in solution was reduced by more than 90%
from starting concentrations of 7.0 to 15.7 mgL~". How-
ever, the percentage of Mn removed decreased to values of
31% and 14%, respectively, at the highest Mn concentra-
tions tested in both species. The negative control (culture
medium without cyanobacteria) indicated variations of less
than 10% from the expected initial Mn concentration in
both strains, confirming accuracy in the experimental pro-
cedures (Table 2).

Ultrastructural effects of Mn exposure

Ultrastructural analyses indicated that morphological chan-
ges were apparent in both strains after exposure to Mn
concentrations above 15.0 mg L™!. These included swelling
of intrathylakoid spaces, presence of increased numbers of
carboxysomes and polyphosphate granules, and increased
periplasmic space (Fig. 7). All these effects became more
intense with increasing Mn concentration.
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paludosum BA033 (y=0.0018x-0.0028, r* = 0.92)

Discussion
Cyanobacterial identification

The toxic effects following exposure to particular elements
are likely to be influenced by the microbial species
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examined. Therefore, reliable identification is required in
order to perform toxicological tests. Two distinct cyano-
bacterial strains were used in the current study, one being
unicellular and the other filamentous heterocytous. Mole-
cular and morphological analyses of the unicellular strain
(BAOOS) confirmed that it is a representative of Microcystis
(Fig. 1). Although the genus Microcystis is monophyletic,
species delimitation within the genus remains problematic
(Komarek et al. 2014; Genudrio et al. 2016). Representa-
tives of Microcystis are exclusively planktonic, and this is
one of the most important bloom-forming genera in fresh-
water environments. Detailed studies have been made of the
ecology and toxicological responses of members of this
genus (Komdrek 2016; Genudrio et al. 2016).

Members of the genus Nostoc are typified by having
uniseriate, isopolar and non-branched filaments, and its
vegetative cells can differentiate into akinetes (formed
apoheterocytically), heterocytes (terminal and intercalar)
and hormogonia (Komarek and Anagnostidis 1989). Other
traits including production of mucilaginous colonies and
possession of specific life cycles are common to members
of this genus (Mateo et al. 2011; Hrouzek et al. 2013;
Genudrio et al. 2015). However, these morphological traits
are insufficient for generic delimitation, and the genetic
diversity of apparent ‘Nostoc’ strains is more complex than
their morphological differentiation. Phylogenetic analysis of
16S rRNA sequence data obtained from Nostoc morpho-
types have revealed that many genotypes fall outside the
Nostoc spp. sensu stricto cluster (Hrouzek et al. 2013;
Papaefthimiou et al. 2008; Genudrio et al. 2015), as was
observed in the current study for the strain BA033 (Fig. 2).
As a consequence, this genus has been under constant
revision, culminating with the erection of novel genera,
which are morphologically similar to Nostoc morphotypes
but form different evolutionary lineages, e.g., Mojavia,
Desmonostoc and Halotia. The strain BA033 could repre-
sent a new generic entity, being located in a monophyletic
cluster separated from the Nostoc spp. sensu stricto cluster
and also apart from other recent described Nostoc-related
genera (Fig. 2). Furthermore, the 16S rRNA sequence
obtained from strain BAO33 had a low identity (<96%)
when compared with sequences of well-defined genera.

Acute toxicity test and chlorophyll a content

Although both strains showed similar effects, the con-
centrations at which toxicity became apparent differed
between them, with BA033 displaying higher tolerance to
Mn (ECso =39 mg Mn L") compared to BA005 (ECs, =
16mg MnL™!) (Fig. 3). Notably, growth reductions in
BAOOS5 were observed within the first 24 h after Mn expo-
sure, whereas BAO33 only showed effects after a longer
period of time (48 h) (Fig. 4). The Mn concentrations at
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Table 2 Manganese content in [Mn] Negative control Supernatant 2h Mn Removal  Supernatant 96 h Mn Removal
solution (mgL™") (mgL™h exposure (mg L") (%) 2h exposure (mg L™ (%) 96 h
Microcystis Control - 0.21£ 0.0 - 0.18£0.0 -
novacekii BA0O0S
7.0 72+0.0 1.57+0.0 78 043+0.3 94
10.5 11.4+0.6 2.78+0.0 76 <0.06+0.0 ~100
15.7 15.7+0.0 6.52+0.3 59 0.56+0.4 96
23.6 234+0.2 1296+ 1.8 45 501+22 79
35.4 343+0.6 242509 29 23.69+0.8 31
Nostoc Control 0.28+0.0 0.25+0.0
paludosum BA033
15.0 14604 13.38+0.4 8 10.30+0.7 29
22.5 21.9+0.7 19.62+0.2 11 13.68+0.8 38
33.7 32.8+1.0 29.68 +0.3 10 22.56+0.3 31
50.6 49.7+£2.0 4523 2.8 9 39.09+0.2 21
76.0 729+34 69.53+1.9 5 62,70 £0.8 14

Fig. 7 Transmission electron
microscopy micrographs of
cyanobacterial strains
illustrating ultrastructural
changes after exposure to Mn: a
Microcystis novacekii
BAOO5—control; b M. novacekii
BAOOS after 96 h Mn exposure,
showing carboxysomes (white
asterisks) and intrathylakoidal
spaces (black arrow); ¢ Details
of the cellular shell layers after
96 h Mn exposure: the outer
membrane (arrow III),
peptidoglycan layer (arrow II)
and plasma membrane (arrow I),
and intrathylakoid spaces (black
arrow); d Nostoc paludosum
BAO033—control; e N. paludosum
BAO033 showing increased
periplasmic spaces (gray
arrows), carboxysomes (white
asterisks) and polyphosphate
granules (white arrows), PP =
polyphosphate granules
(electron-transparent region); f
N. paludosum cell showing the
intrathylakoid spaces (black
arrow), carboxysome (white
asterisk), increased periplasmic
spaces (gray arrow) and PP =
polyphosphate granules
(electron-transparent region); f’
Detail of intrathylakoid spaces
(ITS) and carboxysome (white
asterisks)

which toxicity became apparent obtained here are consistent
with previous studies. Hudek et al. (2012) found significant
growth reduction in Nostoc punctiforme growth after 24 h
of exposure to Mn concentrations higher than 750 pM

(41.2 mg LY. The ECs, values obtained for the strains
analyzed here demonstrated that both are tolerant to high
Mn levels, comparable to previously observed values for
other cationic metals. For instance, Rangsayatorn et al.
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(2002) reported an ECsy of 18.35 mg L~! for Cd in Spir-
ulina (Arthrospira) platensis.

Manganese at toxic concentrations affects cellular
homeostasis by decreasing the content of chlorophyll a,
reducing growth and significantly altering cellular ultra-
structure. Cyanobacterial tolerance leading to relatively low
toxicity of Mn in moderate concentrations may be related to
the requirement for Mn ions in cell metabolism, given that it
is an important cofactor for various enzymes and plays an
essential role in the photosynthetic process (Hudek et al.
2012; Fischer et al. 2015). In contrast, the harmful effects
observed at high Mn concentrations are most likely related
to nutritional imbalance caused by an excess of Mn ions in
solution. Manganese is often associated with iron deficiency
due to competition for the site (porphyrin ring) in which
iron is necessary for the synthesis of chlorophyll (Csatorday
et al. 1984). Thus, it cannot be excluded that the large
reductions of chlorophyll a content observed in this study in
both tested strains may be a result of iron deficiency. The
reductions in Chl a content were consistent with the
decrease in growth rates observed in the presence of Mn,
with the reduction being more prominent in BAOOS com-
pared to BAO33. This is possibly due to the presence of a
mucilaginous sheath around the cells of BA033, which may
act as an alternative carbon source in situations of nutrient
shortage. BAOOS loses its characteristic mucilaginous
sheath in culture conditions. Overall, our data suggest that
toxic Mn concentrations affect primary productivity through
interference in Chl a content (Fig. 5). In BA0OO5, Chl a
content increased following exposure to lower concentra-
tions of Mn in concert with a small inhibition in growth
(Fig. 4), consistent with expectations (OECD 201 2011). A
similar effect was previously reported in Phaseolus vulgaris
under Mn stress (Teixeira et al. 2004).

Uptake of Mn by cyanobacterial cells

Both cyanobacterial strains investigated demonstrated
capacity to remove Mn from the culture medium.
BAOOS5 showed great efficiency at initial concentrations
ranging from 7 to 15 mg Mn L™!, removing more than 90%
of Mn in the medium (Table 2). The results obtained here
corroborate a previous study which demonstrated, in mixed
solution, removal of an average of 85% of the total Mn and
96% of zinc by a cyanobacterial mat allowed to grow in
columns packed with glass wool (Bender et al. 1994).
Similarly, Hazarika et al. (2014) demonstrated the ability of
N. muscorum cultures in BG-11 medium to remove 98% of
Pb, 88% of Cu, 82% of Cd, and 67% of Zn at 5mg L!
initial concentration of each metal. El-Sheekh et al. (2005)
reported Mn removal by 32% and 100% from wastewater
by cultures of N. muscorum and Anabaena subcylindrica,
respectively, after 10 days of incubation. In the present
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study, BAOOS5 was more efficient in Mn removal compared
to BAO33 (Table 2). However, BA033 was more tolerant to
Mn exposure, surviving in higher concentrations (>35 mg
MnL™!). This difference can be attributed to the physio-
logical characteristics of the species in dealing differently
with the stress caused by Mn exposure. It has been reported
that the presence of a structured envelope with abundant
extracellular polymeric substances (EPS) can, at least par-
tially, prevent the entry of Mn ions into cells (Mohamed
2001; Pereira et al. 2011). Further studies are clearly
required to elucidate the role of EPS in the differential Mn
tolerance observed here.

The concentration of Mn in the biomass washed with
ultrapure water was significant, with high values of
0.175 mg g~ ! for BA0OS5 and 0.139 mg g~ ' for BA033 (Fig.
6). However, after the biomass was washed with MES-
EDTA, most of the Mn biosorbed was removed and any
remaining amount was not detectable. This finding is con-
sistent with the study of Keren et al. (2002), who demon-
strated that most of the Mn biosorbed onto Synechocystis
sp. is EDTA washable, which can penetrate the outer
membrane of Gram-negative bacteria and remove Mn
bound to this membrane. Together with EDTA chelating
effect, it is possible that at pH 5.0 the H' ions of the Mes-
EDTA buffer solution competed for the binding sites in the
cyanobacterial cell wall, resulting in the removal of the
biosorbed Mn. The surface structure of the cyanobacterial
cell includes layers with unique functional molecular groups
with diverse metal-binding capacity (Yee et al. 2004) that
favor biosorption of Mn on the cell surface. The balance
between the Mn fraction deposited in the cell outer mem-
brane and that transported into the cell is dependent on
specific trans-membrane transporters (Fischer et al. 2015;
Brandenburg et al. 2017). The biosorption curves of the
water-washed biomass from both species (Fig. 6) suggest
that there was possibly saturation in BAOOS5, however,
testing biosorption at concentrations higher than 35.4 mg
Mn L' is required to confirm this.

In the context of the potential for application in bior-
emediation approaches, both strains were tolerant to high
concentrations of Mn relative to levels commonly found in
contaminated water resources; these have been reported to
range from 0.01 to 10mgL™" in natural waters such as
lakes, streams, rivers, and oceans (Pinsino et al. 2012),
0.5mgL~" on average in drinking water originating from
wells (Bouchard et al. 2007), and 56 ug L' to 28.2mg L™!
in groundwater from a glacial aquifer system (Groschen
et al. 2008).

Ultrastructural effects of Mn exposure

To our knowledge this is the first study reporting the
ultrastructural effects of Mn on the genera Microcystis and
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Nostoc (Fig. 7). The increase in intrathylakoid spaces
observed in cells exposed to Mn stress may be indicative of
the ultrastructural plasticity of prokaryote cells as part of
their adaptive adjustment. Brandenburg et al. (2017), using
as model the cyanobacteria Synechocystis PCC 6803,
identified a protein in the thylakoid membrane (Mnx) that
functions as a thylakoid Mn transporter, proposed to export
Mn from the cytoplasm to the thylakoid lumen, and helping
maintain Mn homeostasis. The accumulation of Mn in the
thylakoid in Mn enriched medium to alleviate cell damage
is a hypothesis in agreement with our results of increased
intrathylakoid spaces, although this requires further study.
Reversible stretching and increase of the intrathylakoid
space are adaptive aspects of configurational changes rela-
ted to acclimatization to stress (Baulina 2012), as has been
reported as a consequence of nutrient starvation (Hardie
et al. 1983) and culture in dark (Gorelova and Baulina
2009). Furthermore, intrathylakoid spaces also indicate
shutdown of the respiratory electron transport chain and the
photosynthetic system in the membranes of thylakoids
(Baulina 2012). Damage to the thylakoid membranes results
in a decrease in photosynthetic activity and growth (Rang-
sayatorn et al. 2002), again in agreement with our data
obtained from both species.

Carboxysomes are polyhedral bodies harboring the
enzymes carbonic anhydrase (CA) and ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco), responsible
for CO, fixation and carboxylation in the Benson-Calvin
cycle, respectively (Kupriyanova et al. 2013). The results
obtained here indicated an increased number of carboxy-
somes in both species following exposure to increasing Mn
concentrations, most likely due to high energetic require-
ments to overcome the toxic effects of Mn. Detail at the
molecular level of the connections between growth and
energetic requirements following Mn exposure in cyano-
bacterial strains still needs to be revealed in order to fully
understand how they adjust their metabolism to support
growth.

Polyphosphate granules (PP) are a primary source of
phosphate. However, they also contain other ions such as
magnesium, potassium and calcium (Andrade et al. 2004;
Baulina 2012). It has been previously suggested that PP
have an important role in the uptake of trace metals in
cyanobacteria. The highly negatively charged lipids and
proteins on the surface of PP act as an absorption site for the
metal ions, contributing to cellular detoxification since the
metal ions remain immobilized and unavailable within the
granules (Jensen et al. 1982). Further studies have sug-
gested a role of PP in cell detoxification under exposure to
various metal ions in different groups of cyanobacteria. For
instance, Rachlin et al. (1985) found an increase in PP after
zinc exposure in Anabaena flos-aquae and A. variabilis,
while Rangsayatorn et al. (2002) reported the same effect in

Spirulina (Arthrospira) platensis after exposure to cad-
mium. Similarly, Baxter and Jensen (1980) observed the
presence of magnesium, strontium, barium and Mn in PP in
cyanobacterial cells exposed to these metals. In accordance
with several studies demonstrating that PP rapidly respond
to environmental alterations, the increased number of PP
observed in BAOO5 and BAO33 illustrate a direct response
to Mn that is likely to contribute to cellular detoxification.

Conclusions

Our study demonstrated that cyanobacterial strains of dif-
ferent morphologies (BAOOS and BAO33) suffered acute
toxicity due to Mn excess in culture media. Increasing Mn
concentrations promoted physiological and morphological
impairments in both strains, which were evidenced by a
reduction in chlorophyll a content and growth rates coupled
with ultrastructural changes including increased periplasmic
space and intrathylakoid space, coupled with a higher
number of carboxysomes and polyphosphate granules.

Although toxic effects were observed, the cyanobacterial
strains investigated were tolerant to high concentrations of
Mn relative to concentrations commonly reported in con-
taminated water resources. Both cyanobacterial strains
examined here demonstrated potential for use in bior-
emediation of contaminated water. The strain
BAOO5 showed greater potential at Mn concentrations
lower than 30.0mg L.

Few previous studies have addressed the toxicity of Mn
in cyanobacteria and other aquatic organisms. Thus, the
current study provides a foundation for measuring Mn
toxicity in aquatic ecosystems, as well as improves our
knowledge of the physiological and morphological
responses of cyanobacteria following exposure to polluting
concentrations of Mn. Although the precise mechanisms by
which high levels of Mn interfere in cyanobacterial phy-
siology remain to be elucidated, it is appropriate to expand
the approach of the current study to a great number of
cyanobacterial strains with different taxonomic affinities
and origins.
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