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Abstract

Four cyanobacterial strains isolated from arsenic (As) contaminated area in Minas Gerais, Brazil namely: Pseudanabaena
spp. CCM-UFV063 and CCM-UFV065, Tolypothrix sp CCM-UFV067, and Desmonostoc sp. CCM-UFV070 were grown on
BG-11 and BG-11, culture media respectively supplemented with di-sodium hydrogen arsenate heptahydrate (As>*) at
concentrations of 0, 1, 10, 100, 1000 and 5000 mg L™". The growth was measured by means of optical density daily for
seven (7) days. Contents of chlorophyll a, carbohydrates, protein, and amino acids were also evaluated. Fluorescence
Spectroscopy and ICP-OES were used to quantify As in cells. The cellular growth, based on OD,,,,, Was significantly
lower (P<0.05) in 5000 mg L™" As. Chlorophyll a, carbohydrates and protein contents were significantly (P < 0.05) lowest
in 5000 mg L™! As. Amino Acid content of studied cyanobacteria varied and were higher in higher As concentrations
except for Pseudanabaena sp. CCM-UFV065. Similarly, As cells accumulation was dependent on concentration and showed
the order of 5000 mg L™' > 1000 mg L™">100mg L™'>10mg L™ >1 mg L™" All studied cyanobacteria showed ability to
absorb As(V) especially Pseudanabaena sp. CCM-UFV065 and could all be potential isolates for bioremediation of As-
contaminated waters.

Article Highlights

e Cyanobacteria spp growth was reduced at 5000 mg L™ arsenate amendment.

e Chlorophyll g, carbohydrates and protein contents of cyanobacteria spp were low at 5000 mg L™ arsenate amend-
ment.

e Cyanobacteria spp accumulation of arsenate was dose dependent.
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1 Introduction

Water pollution by arsenic (As) due to both natural and anthropogenic activities is one of the most common environ-
mental issues worldwide [1-6]. It is estimated that 35 million to 77 million people have been chronically exposed to
As through drinking water in Bangladesh alone [5, 7, 8]. Human exposure to As well over the recommended limits of
10 ug L' can lead to an array of diseases including bladder, skin and lung cancers; diabetes; cardiovascular disease;
developmental disorders; neurological disorders and metabolic disorders [9-12].

Cyanobacteria are essential primary producers in the ecosystem and can accumulate large amounts of arsenic
from their surroundings making them suitable ecological indicators for As bioavailability and its remediation [13-18].
Potentially, they could remediate arsenic-contaminated waters in wetlands through adsorption and biotransforma-
tion of inorganic arsenic [17, 19].

In recent years, special attention has been paid to cyanobacterial growth analyses in As contaminated environ-
ments [17, 20, 21]. However, the majority of physiological and metabolic studies conducted with cyanobacterial under
As stress have been done with model strains such as Nostoc, Anabaena sp. PCC7120 and Synechocystis sp. PCC6803
[16, 22-24]. Few studies have been carried out with indigenous strains [15, 17, 20], which can present high diversity
and adaptability. Cyanobacterial strains isolated from these sites can be used in decontamination studies, once they
are capable of accumulating and transforming As [3, 17].

Pentavalent arsenate (As (V)) is the most common form in Aquatic systems and it is thermodynamically stable
under oxic conditions [1]. It is a phosphate analogue and therefore, enters the cells through phosphate transporters,
mediating its toxicity by replacing phosphate in essential biochemical reactions, such as oxidative phosphorylation
and glycolysis [12, 16, 18, 23, 25]. Therefore, changes in biochemical parameters of arsenic exposed organisms could
help in understanding the resistant nature of particular taxon to As (25). Since cyanobacteria adaptation to stress is
coupled with profound changes in proteome repertoire, proteomic studies can unravel the possible relationships
between protein abundance and stress acclimation [23]. Arsenic adversely affects the metabolic processes and
leads to (i) oxidative stress through reactive oxygen species (ROS) generation thereby damaging proteins, lipids and
nucleic acids, (ii) inhibition of RubisCO, chlorophyll biosynthesis, photosynthetic pigments, photosynthesis, and (iii)
inhibition of adenosine triphosphate (ATP) by uncoupling phosphorylation [6, 23].

Paucity of studies on the effect of As on cyanobacteria growth and metabolism necessitated this study which
assessed the impact of increasing concentrations and accumulation of As (arsenate) on the growth and metabolism
of four cyanobacteria characterized as Tolypothrix sp (CCM-UFV 067; heterocytous), subgenus Pseudanabaena (CCM-
UFV 063; homocytous), Desmonostoc sp (CCM-UFV 070; heterocytous) and Pseudanabaena sp (sub genus llyonema)
(CCM-UFV 065; homocytous) [26].

2 Materials and methods
2.1 Cyanobacteria strains and culture conditions

A total of four cyanobacterial strains were used in this study. All strains are available at the Collection of Cyanobacte-
ria and Microalgae (CCM-UFV) [Universidade Federal de Vicosa (Vicosa, Minas Gerais state, Brazil)]. The strains were
previously characterized [26] and are identified as Pseudanabaena spp. CCM-UFV063 and CCM-UFV065, Tolypothrix
sp. CCM-UFV067, and Desmonostoc sp. CCM-UFV070. Stock cultures of these strains were placed into 125 mL Erlen-
meyer flasks containing 60 mL of fresh sterile culture media. The strains CCM-UFV063 and CCM-UFVO065 (filamentous
homocytous) were grown in BG-11 while the strains CCM-UFV067 and CCM-UFV070 (filamentous heterocytous) were
cultured in BG-11, (BG-11 without N source) [27]. The growth conditions, for maintenance and experiments, were
as follow: rotation at 110 rpm, at room temperature (24 °C), under light intensity of 70 +5 umoles-m=2s~' (16:8 h of
light: dark cycle).
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2.2 Astreatments and growth curves

For inoculum production, 1 mL aliquots of the above-mentioned strains were taken from stock cultures and inocu-
lated in Erlenmeyer flasks (500 mL) containing 200 mL of culture medium. The flasks were kept under the photoau-
totrophic conditions described above for ~ 10 days.

Aiming to determine the effects of different arsenate [As (V)] concentrations (hereafter As) over the cyanobacterial
growth and metabolism eight-days growth curves (n =3) were carried out. The As solution was prepared by dissolving
analytical reagent-grade di-sodium hydrogen arsenate heptahydrate (Na,HAsO,.7H,0 PA: >98%, Sigma scientific) in
Milli-Q water to give concentrations of 0, 1, 10, 100, 1000 and 5000 mg L™' [28]. A final volume of 5 mL of each As solution
was introduced into culture media (Final volume of 65 mL) after two days of growth (exponential growth phase of each
cyanobacterial strain), while the control had 5 mL of each As solution introduced into culture media without cyanobac-
teria. Growth was evaluated by optical density (OD;s, ,,y Which were measured at intervals of 24 h, according to [29].

2.3 Metabolic analyses

For the metabolic analyzes, freeze-dried biomasses sampled at days 2 of growth (before As addition) and days 4, 6 and 8
(after As addition) were used. The metabolic quantifications were only carried out in the treatments 0, 1000 and 5000 mg
L' As, following the results observed in the growth curves. The chlorophyll a concentration was determined spectro-
photometrically immediately after the methanol extraction, according to [30]. Quantification of total amino acids was
performed as described by [31]; the carbohydrate content was determined according to [32]; and the content of total
soluble proteins was determined as described by) [33].

Amino acid (aa) contents of the different cyanobacteria without arsenate amendment (control) and those grown in
1000 mg/L (CCM-UFV 067; 063 and 070) and 5000 mg/L) (CCM-UFV 067. 063, 070 and 065) As (V) amended media were
quantified using the method of [31]. At 4, 6 and 8 d of cell growth, the supernatants (50 pL) from sequential ethanolic
extraction were used for AA quantification. Na-Citrate Buffer (50 uL) was added to the ethanolic extract or leucine dilu-
tions (standard curve) in 1.5 ml screw capped Eppendorfs as well as 100 pL Ninhydrin solution. The tubes were covered
and heated at 95 °C for 20 min, quickly spun at 400 rpm and transferred to a p-plate. Absorbance was read at 570 nm
using spectrophotometer for plates. Standard curve for u plate were prepared at 0, 2, 5, 10, 20, and 50 pl/mM leucine in
70% EtOH concentration.

Soluble carbohydrate contents of the different cyanobacteria without arsenate amendment (control) and those grown
in 1000 mg/L (CCM-UFV 067; 063 and 070) and 5000 mg/L As (V) (CCM-UFV 067. 063, 070 and 065) were quantified using
the method of [32]. The use of these two concentrations were based on the observation of significant changes in OD,
and chlorophyll a at these concentrations. At 4, 6 and 8 d of cell growth, 5 ml of frozen culture from ultra-storage freezer
(Thermo Scientific) were brought out and kept in ice box and 1 ml of H,SO, (2N) were added to the culture in appendorf
tubes and were heated at 80 °C for 30 min. Cultures were centrifuged at 13,400 rpm and 100 uL of samples as well as
glucose dilutions were transferred to new tubes. Phenol (60 uL at 5% v/v) were added to the tubes, followed by 300 pL of
H,SO, (98%) and tubes were heated at 90 °C for 5 min, finally, absorption was read at 490 nm using spectrophotometer
for plates. Glucose standard solutions (1 pg/ul) were prepared from a glucose stock solution (10 pg/pl in 2N H,SO,) [4 °C]
and standard curve for p plate were prepared at 0, 5, 10, 15 30 and 50 pg/ul glucose concentration.

Protein contents of the different cyanobacteria strains without arsenate amendment (control) and those grown in
1000 mg/L (CCM-UFV 067; 063 and 070) and 5000 mg/L (CCM-UFV 067. 063, 070 and 065) As (V) amended media were
quantified using the method described by [33]. At 4, 6 and 8 d of cell growth, the remaining pellets from 5 ml of frozen
culture used for sequential ethanolic extraction (chlorophyll a quantification) were used for protein quantification. NaOH
(500 yL at 0.1 M) were added to the pellet with 1% (w/v) sodium dodecyl sulfate (SDS) and heated at 95 °C for 30 min.
Samples were cooled in ice for 5 min and 125 pL of HCL (0.4 M) was added and these were centrifuged at 13,000 rpm
for 10 min. The extracts (200 uL) and bovine serum albumen (BSA; 200 pL) were transferred to new 2 mL tubes where
1000 pL of solution D (60 mL of NaOH 0.1 M, 600 pL of 2% CuSO, and 600 pL of 4% potassium sodium tartrate) were
added and kept at room temperature for 20 min. Then, 200 pL of Folin and Ciocalteu’s phenol reagent (diluted 1:1 (v/v)
with water) were added and the reactions were kept in the dark for 40 min after which absorbance was read at 750 nm
using spectrophotometer for plates. BSA standard solutions (1 pg/ul) were prepared from a stock BSA solution (10 pg/
plin 0.1 M NaOH) [- 20 °C] and standard curve for p plate were prepared at 0, 0.01, 0.02, 0.04, 0.08, 0.12, 0.16, 0.2, 0.24
and 0.28 pg/pl BSA concentration.
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2.4 As quantification in cyanobacterial cells

As content in the cells of CCM-UFV 067; 063; 070 and 065 controls and 1, 10, 100, 1000 and 500 mg-L™' amendments
were determined. Cells were harvested at 1, 3 and 5 day after As amendment by centrifugation at 1500 g for 8 min and
the supernatant removed. The cell pellets were then lyophilized using a lyophilizer (Scanvac; Bioma) for approximately
24-48 h and were placed in a desiccator before total As analysis. Total As in cells (0.01 g) were quantified for each treat-
ment in | ml of conc. HNO; using perfluoroalkoxy (PFA) vessels (CEM) and were digested in a microwave (Model MARs,
CEM) at 55 °C for 10 min, 75 °C for 10 min and 95 °C for 30 min with 5 min ramp time between each stage [34, 35]. After
the digestion program, the vessels were cooled to room temperature; opened and 10 ml of deionized water was added.
Vessels were then filtered into 15 ml polypropylene (PP) tubes using JP42 (11 cm; slow filtration) paper. Samples were
stored in 15 ml polypropylene (PP) tubes until quantification of total As using Hydride Generation Fluorescence Spec-
trometry (HG-AFS) (PSA Analytical Model 10.033 Excalibur) for lower As amendments (1, 10 and 100 mg/l) and Induc-
tively Coupled Plasma Optical Emission Spectrometry ICP-OES (Optima 7300 DV) for higher As amendments (1000 and
5000 mg/l) after appropriate dilutions.

2.5 Statistical analysis

SPSS V23 (ONE WAY ANOVA) was used to analyze the difference in the means of the OD, DM, chlorophyll a, CHO, protein,
AA and As in cells in the controls of CCM-UFV 067; 063; 070 and 065 and the different As amendments. Significance was
measured at p <0.05.

3 Results
3.1 Cyanobacteria growth and physiology during incubation with As

The observed OD during cyanobacteria growth in the different As amendments is shown in Fig. 1. The OD of Tolypothrix
sp CCM-UFV 067 control and the different As amendments increased with incubation time although no significant
difference (p >0.05) between the OD of the control and As amendments (1, 10, 100 and 1000 mg L™') was observed.
However, OD decreased significantly in 5000 mg L™' amendment as compared to the control and other As amendments
(Fig. 1). OD increased with time in both the control of Pseudanabaena sp CCM-UFV 063 and As amendments. However,
it was reduced significantly (p < 0.05) in the highest As amendment (5000 mg L™") as compared to the control and other
As amendments (Fig. 1). Increase in OD with time was also observed in both the control and As treatments with Des-
monostoc sp CCM-UFV 070. However, OD of 100 mg L™" As amendment was higher (p <0.05) than all other treatment
at 5 d (Fig. 1). Significant decreases (p <0.05) in OD was observed in the 5000 mg L~"As amendment at 5,6 and 7 day
of incubation studies as compared to the control and other As amendments. OD of the control of Pseudanabaena sp
(sub genus llyonema) CCM-UFV 065 and As amendment increased with incubation time although OD at 5000 mg L™' As
amendment was significantly (p <0.05) lower than the control and other As amendments (Fig. 1). Cyanobacterial cells OD
was significantly lower (p <0.05) in 5000 mg L' As amendment as compared to controls without As amendment (Fig. 1).

Chlorophyll a content of all studied Cyanobacteria (control) during growth in As amendments (1000 and 5000 mg
L™" As) is shown in Fig. 2. This was same in Tolypothrix sp CCM-UFV 067 control all through incubation period except a
decrease on the last day of incubation. However, it increased significantly (p <0.05) with time in the 1000 mg L™ As
amendments. Conversely, a significant decrease (p <0.05) in the 5000 mg L' As amendment was observed (Fig. 2). Initial
decrease (p < 0.05) in chlorophyll a content of Pseudanabaena sp CCM-UFV 063 control at 4 d was followed by a significant
increase (p <0.05) at 6 and 8 d of incubation. As amendment of 1000 mg L™! had chlorophyll a content only significantly
lower (p <0.05) than the control at 6 and 8 d however, this was lower (p <0.05) in 5000 mg L' Asamendment as compared
to the control and 1000 mg L~" As treatment (Fig. 2). Chlorophyll a content of Desmonostoc sp CCM-UFV 070 (control)
increased with time (Fig. 2). An initial decrease observed at 4 d after As amendment in both As amendments (1000 and
5000 mg L") was followed by an increase at 6 d. However, this increase was significantly lower (p <0.05) as compared to
the control with 5000 mg L™' As amendment having the lowest (P < 0.05) chlorophyll a content. Chlorophyll a content
of Pseudanabaena sp (sub genus llyonema) CCM-UFV 065 increased with time in both the control and 1000 mg L™" As
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Fig. 1 Optical density (OD) of cyanobacterial strains exposed to different As concentrations

amendment with a drop at last day of incubation (Fig. 2). However, this was significantly higher in the control as compared
to that of 1000 mg L™' As amendment. The highest As amendment (5000 mg L™') had a significant drop in chlorophyll
a content at 4 and 6 d after As amendment with an increase observed at 8 d relative to other days (Fig. 2). There was a
decrease (p < 0.05) in chlorophyll a content of all studied cyanobacterial cells at 1000 and 5000 mg L™ As amendment as
compared to the control except with Tolypothrix sp CCM-UFV 067 where chlorophyll a content was significantly higher in
1000 mg L' As amendment as compared to the control at 4. 6 and 8 d (Fig. 2). Chlorophyll a content of cyanobacterial
cells (controls) were greenish in color as compared to yellowish brown color observed in the highest As amendment
after 8 d incubation period (Fig. 2).

3.2 Metabolic analyses: soluble carbohydrates
Soluble carbohydrates were determined at 4, 6 and 8 d in the control (CCM-UFV 067. 063, 070 and 065), 1000 mg L
(CCM-UFV 067; 063 and 070) and 5000 mg L' (CCM-UFV 067. 063, 070 and 065) As amendments (Tables 1 and 2). Soluble

carbohydrate in Tolypothrix sp CCM-UFV 067 control was significantly higher (p <0.05) than the two As amendments at 4
d. However, no significant difference was observed between the control and 1000 mg L' amendment at 6 d but 5000 mg
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Table 1 Cyanobacterial
metabolites after As>*
exposure

Table 2 Cyanobacterial
metabolites after As>*
exposure

Time (days)

As media
Concentrations
(mg/L)

Metabolites analysed?

Carbohydrate (mg)

Protein content (mg)

Amino acid (uM/mg)

4 d (CCM-UFV067)

6 d(CCM-UFV067)

8 d (CCM-UFV067)

4 d (CCM-UFV063)

6 d(CCM-UFV063)

8 d (CCM-UFV063)

Control
1000
5000
Control
1000
5000
Control
1000
5000
Control
1000
5000
Control
1000
5000
Control
1000
5000

4388.97 +1008.0°
2383.16+303.7°
628.51+94.6
3476.57 £403.12
2925.00 +204.3
1286.72+302.8°
4259.58+263.3?
4391.05+335.8?
4251.25+392.8?
4521.88+424.4°
3447.58+751.6%°
2504.64 +545.0°
5991.24+776.5°
7213.16+856.2
2053.10+181.2°
6877.77+1334.9°
7431.59+1109.6°
2539.63 + 146.6°

1618.06 +49.6°
1662.02+85.12
466.27 +41.5°
1883.76+100.6°
1256.86 +106.4°
565.67 +62.7¢
1686.64+142.9°
1256.86+141.7°
468.60+5.1°
1984.13+36.12
1335.73+£50.4°
598.90+89.0
2040.73 +255.8°
1732.96+97.8°
770.34+54.19°
2085.34+111.0°
1323.91+83.1°
720.42+0.5¢

81.57+12.1°

110.67+15.2°

29.35+2.3¢
26.72+0.4°
16.60+4.8°
25.20+3.6%
14.00+2.8°
20.15+2.052
13.82+£4.4°
9.632+0.5
3.981+0.0°
10.49+2.72
8.652+0.2°
5.47+0.4¢
16.74+1.0°
33.62+1.7°
28.83+3.4°
19.88+1.5°

IMean value, n=3; Unit=mg/ml dry mass

Figures with different superscripts indicate significant differences within columns at each day (4, 6 and 8

d)

Time (days)

As media concen- Metabolites analysed"

trations (mg/L)

Carbohydrate (mg) Protein content (mg)  Total amino

acid (uM/mg)

4d (CCM-UFV070)  Control 13,639.8 +837.4° 892.59+102.7° 15.186+ 1.2
1000 9884.78+1197.2>  924.39+168.8° 16.13£1.32
5000 2560.87 +849.1¢ 361.59+21.1° 13.19+0.12
6 d (CCM-UFV070)  Control 13,121+54822*  1644.38+128.5° 15.19+1.5°
1000 7037.84+2349.9°  1132.+62.7° 24.29+1.0%
5000 7026.43+29585°  510.12+25.3¢ 21.05+1.9
8d (CCM-UFV070)  Control 7002.07+1821.7%  1358.11+68.9 13.39+4.6°
1000 5907.82+1365.8°  991.43+29.2° 27.79+0.4
5000 4540.07 +£101.6° 459.38+29.9 31.45+1.5

4d (CCM-UFV065)  Control 3958.72+112.9° 2816.51+86.3° 171.39+22.8°
5000 703.41+66.3° 362.96+27.1° 34.91+5.2°
6 d(CCM-UFV065)  Control 3517.04+380.12 3000.67 +100.8? 97.52+8.4°
5000 548.41+105.1° 233.80+64.7° 29.98+8.1°
8d (CCM-UFV065)  Control 2995.23+132.52 1526.86+36.3% 64.24+9.4°
5000 947.42+82.3° 163.45+18.5° 33.19+1.1°

IMean value, n=3; Unit=mg/ml dry mass

Figures with different superscripts indicate significant differences within columns at each day (4, 6 and 8

d)

L~' amendment was significantly lower than both at this time. At 8 d, no significant difference was observed in the control
and As amendments. Soluble carbohydrate in Tolypothrix sp CCM-UFV control did not change with time however, there
were significant increases in soluble carbohydrates in both As amendments at 8 d as compared to 4 and 6 d.
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Soluble carbohydrate in Pseudanabaena (CCM-UFV 063) control was higher (p <0.05) than As amendments at 4 d
(Table 1). Although 5000 mg L™ As amendment had significantly lower soluble carbohydrate than that of the control
and 1000 mg L™ As amendment at 6 and 8 d this was significantly higher at 6 and 8 d in 1000 mg L™'As amendment as
compared to the control. Soluble CHO generally increased with time in the control and As amendment at 1000 mg L™".

Soluble CHO in Desmonostoc sp (CCM-UFV 070) control was significantly higher (p <0.05) as compared to both As
amendments at 4, 6 and 8 d (Table 2). Generally, CHO decreased with time in the control and As amendments although
itincreased at 6 d relative to 4 and 8 d in 5000 mg L™ As amendment (Table 2).

CHO content of Pseudanabaena sp (sub genus llyonema) CCM-UFV 065 was significantly higher in the control as com-
pared to 5000 mg L~'As amendment at 4, 6 and 8 d. However, CHO was significantly higher at 4 d as compared to 8 d in
the control but reverse was the case in 5000 mg L' As amendment as there was significant increase at 8 d as compared
to4 and 6 d (Table 2).

3.3 Metabolic analyzes: protein

Protein content were determined at 4, 6 and 8 d in the control (CCM-UFV 067. 063, 070 and 065), 1000 mg L™' (CCM-UFV
067; 063 and 070) and 5000 mg/L) (CCM-UFV 067. 063, 070 and 065) As amendments (Tables 1 and 2). Tolypothrix sp CCM-
UFV 067 control and 1000 mg L™' As amendment protein content were significantly higher (p < 0.05) than that 5000 mg
L~'As amendments at 4 d. At 6 and 8 d however, the control had significantly higher protein content as compared to
both As amendments. Protein content was significantly lower in 5000 mg L™ relative to the control and 1000 mg L™
As amendment. The control had higher protein content at 6 d as compared to 4 and 8 d but this was highest at 4 d as
compared to 6 and 8 d in 1000 mg L™" As amendment. No significant difference in protein content was observed in the
5000 mg L' As amendment with time.

Protein content of Pseudanabaena sp (CCM-UFV 063) control was significantly higher (p <0.05) than both As amend-
ment at 4 and 8 d however, no significant difference in protein content were observed between the control and 1000 mg
L~" As amendment at 6 d. Sampling days had no impact on the protein content of the control though this was higher
at 6 d as compared to 4 and 8 d in 1000 mg L™' As amendment. Protein content was significantly lower in 5000 mg L™
relative to the control and 1000 mg L' As amendment.

At 4 d, protein content of Desmonostoc sp (CCM-UFV 070) control and 1000 mg L™ was significantly higher as com-
pared to 5000 mg L™ As amendments (Table 2). However, the control protein content was significantly higher than both
As amendments at 6 and 8 d. Protein content was highest in the control at 6 d, and higher in 6 and 8 d as compared to
4.din 5000 mg L™" As amendment. Protein content was significantly lower in 5000 mg L™ relative to the control and
1000 mg L™' As amendment.

The control of sub genus llyonema (CCM-UFV 065) had consistently higher protein content as compared to 5000 mg
L~" As amendment, and had significantly higher protein content at 4 and 6 d relative to 8 d while in 5000 mg L™ As
amendment this was higher at 4 d as compared to 6 and 8 d (Table 2).

3.4 Cyanobacteria metabolism: amino acid

Amino acid (AA) content was determined at 4, 6 and 8 d in the control (CCM-UFV 067, 063, 070 and 065), 1000 mg L™
(CCM-UFV 067; 063 and 070) and 5000 mg L™' (CCM-UFV 067. 063, 070 and 065) As amendments (Tables 1 and 2). Vary-
ing concentrations of AA were observed during the experiment. At 4 and 8 d, amino acid content was highest in the
1000 mg L™ As amendment with Tolypothrix sp CCM-UFV 067. However, this was least in 5000 mg L' As amendment at
4.d. Conversely, at 6 d, 1000 mg L™' amendment was the least while the control and 5000 mg L™ amendment were the
same nonetheless (Table 1). Amino acid content of both the control and As amendments were highest at 4 d (Table 1).

Amino acid content of Pseudanabaena sp (CCM-UFV 063) at 1000 mg L™' As amendment was significantly lower than
that of the control and 5000 mg L™' As amendment at 4 d. At 6 d however, this was highest in 5000 mg L™' As amend-
ment followed by the control, and was least in 1000 mg L' As amendment. Conversely, at 8 d this was least in 5000 mg
L~" As amendment as compared to the control and 1000 mg L™' As amendment. Amino acid content of the control and
As amendments was highest at 8 d (Table 1).

At 4 d, AA content of Desmonostoc sp (CCM-UFV 070) control and As amendments were not significantly different
(Table 2). However, at 6 and 8 d the two As amendments had significantly higher (p <0.05) AA content as compared to
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the control (Table 2). Although no significant difference in AA content was observed with the control overtime this was
significantly higher at 8 d in the two As amendments.

In sub genus llyonema (CCM-UFV 065), control had consistently higher AA content as compared to 5000 mg L™
As amendment. The control had significantly higher AA content at 4 d while no significant difference in AA was seen
in 5000 mg L~" As amendment with time (Table 2).

3.5 As quantification in cyanobacterial cells

As content in the cells of CCM-UFV 067; 063; 070 and 065 controls and at 1, 10, 100, 1000 and 500 mg L~" amend-
ments were determined at 4, 6 and 8 d of growth. Generally, As cell accumulation was concentration dependent with
Tolypothrix sp CCM-UFV 067 As accumulation following the pattern of 5000 > 1000>100>10>1mg L' at 4, 6 and
8d (p<0.05) (Table 3). As seemed to have accumulated more with time (at 8 d as compared to 4 d) in the lower con-
centrations but less with time in the higher As concentrations (1000 and 5000 mg/L) (Table 3). Similarly, As content
of Pseudanabaena (CCM-UFV 063) was dependent on concentration. Cells amended with 5000 mg L™ As had higher
(p <0.05) As concentration at 4 d and 8 d as compared to 1000 mg L™' As amendment while this was least (p < 0.05) in
1 mg L™" As amendment at both time points. Cells with high As concentrations (1000 and 5000 mg L™") had highest
(p<0.05) As accumulation at 6 d and lowest at 4 d.

As accumulation in Desmonostoc sp (CCM-UFV 070) cells was based on concentration. At 4, 6 and 8 d cells As accu-
mulation followed the pattern of 5000 >1000>100>10>1 mg L’ (p<0.05) (Table 4). However, cells amended with
high As concentrations (1000 and 5000 mg/L) had highest (p <0.05) As accumulation at 8 d (Table 4). In llyonema
(CCM-UFV 065), cells amended with higher As concentrations had consistently higher As content as compared to cells
amended with lower As concentrations. Cells amended with 5000 mg L™' As had highest (p < 0.05) As accumulation
at8dand leastat6d.

Table 3 As bioaccumulation

) Time (days) Spiked As concentrations As bioaccumulation in cells (mg/kg)
by cyanobacteria after As (mg/L)
exposure at4,6and 8d CCM-UFV067 CCM-UFV063

4d Control BDL BDL
1 79.80+0.09° BDL
10 255.62+0.48¢ 9.3+0.56¢
100 883.13+0.28° 54.55+0.43¢
1000 3088.23+0.96"1 166.06+0.10°"
5000 4587.33+1.75 524.30+0.79°

6d Control BDL BDL
1 46.58+8.34° BDL
10 134.05+0.159 7.9+0.55¢
100 661.83+7.25¢ 40.13+1.45°
1000 2264 .93+8.77°" 1885.81+0.65"
5000 3729.27+1.83° 1668.12+0.18°

8d Control BDL BDL
1 106.36+15.73¢ BDL
10 348.31+4.419 11.05+3.06°
100 892.14+13.58° 40.15+0.16°
1000 1291.01+3.89"" 259.12+3.77°
5000 1224.95+1.952 1562.63+10.39

IMean value, n=3; Unit=mg/kg dry mass

Figures with different superscripts indicate significant differences within columns at each day (4, 6 and 8

d)
BDL below detection limit
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Table 4 As bioaccumulation

A Time (days) Spiked As concentrations  As bioaccumulation in cells (mg/kg)
by cyanobacteria after As (mg/L)
exposure at 4,6 and 8d CCM-UFV070 CCM-UFV065

4d Control BDL BDL
1 7.50+0.00° 205.98+0.31¢
10 231.12+0.18¢ 1633.72.+11.75¢
100 995.56+0.39° 15,601.2+100.71¢
1000 3165.76 +120.39" 55,406.3 +434.67°"
5000 16,325.3+205.812 56,816.1+590.96

6d Control BDL BDL
1 17.74+5.44¢ 391.85+0.85°
10 117.62+7.12¢ 962.51+1.65°
100 348.93+0.37¢ 6083.76 +46.39°
1000 9637.41+396.54°" 30,666 +227.34°"
5000 11,548.9+29.51° 44,783 +62.912

8d Control BDL BDL
1 41.32+0.36° 283.46+3.11¢
10 139.35+7.49¢ 1742.44+109.90¢
100 1497 +67.24° 8123.56+259.61¢
1000 25,969.6+1032.11°" 13, 136 +345.78""
5000 43,417.6+1050.922 138, 869 +2000.68°

IMean value, n=3; Unit=mg/kg dry mass

Figures with different superscripts indicate significant differences within columns at each day (4, 6 and 8
d)

BDL below detection limit

4 Discussion

The growth, physiology and metabolic analyses of four cyanobacterial strains isolated from As-contaminated envi-
ronment [26] were investigated in As supplemented culture media. Growth analyses were based on OD while chlo-
rophyll a was used to assess the physiology of the cyanobacteria. Cyanobacteria metabolism was assessed based
on CHO, protein and AA and also As cell accumulation. Generally, results revealed that low As concentrations (1, 10,
100 mg/L) had no impact on OD, this was not surprising as these cyanobacteria were isolated from As contaminated
area and therefore, may have As resistance and detoxification mechanisms [26, 36]. Reduction in OD in 5000 mg LT
As amendment relative to other treatments necessitated further assessments of chlorophyl a, CHO, protein, AA (1000
and 500 mg L") and As cell accumulation.

All four cyanobacteria sp. studied had OD that was significantly lower (p <0.05) in 5000 mg L™'As amendment
as compared to the control and other As amendments (Fig. 1). This could be as a result of As cellular accumulation
and subsequent toxicity thereby, reducing the cyanobacteria cell growth (18). Initial As(V) concentration has been
reported as one of the factors that control the amount of As(V) taken up by cyanobacterial cells, and increase in
arsenate concentration in the culture leads to an increased arsenate concentration in the biomass [13, 19, 36]. Franco
etal. [17] reported decrease in Synechococcus sp cell number with increasing As concentration. Anabaena sp PCC7120
OD was inhibited by 43% at 40 mM As after 24 h of treatment (23). Similarly, reduction in cell numbers and growth
rate of three cyanobacteria cultures with increasing As(V) concentration was reported by [36]. Again, (18) observed
decrease in the growth of Nostoc muscorum when it was exposed to 50, 100 and 150 mM of arsenate. Although it
has been reported that As toxicity is concentration dependent, resistance and detoxification mechanisms of the
organisms are also important [36].

As toxicity at high concentrations (5000 mg/L) could be as result of reactive oxygen species (ROS) generation,
presence of As(lll) in the cell as well as, disruption of phosphate metabolism [6, 18]. Induction of several genes cod-
ing for protein involved in redox scavenging was observed during arsenic exposure to Synechocystis sp. PCC 6803
[24]. Since As(V) is taken up by cyanobacteria cells due to its similarity to phosphate and quickly reduced to As(lll)
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therefore, toxicity could be due to the presence of As(lll) in the cell. When As(lll) ability to be excreted or sequestered
is overwhelmed it binds to intracellular thiols, thereby inhibiting cell division [19]. The disruption of phosphate
metabolism by incorporation of As(V) into phosphorylated compounds vital to the cycling of ATP, also contribute
to As toxicity [6, 18, 19, 371.

The non-existence of difference in OD in 1000 mg L™'As amendment relative to the control and lower As concen-
trations could be because of resistance and detoxification mechanisms of the cyanobacteria especially since they
were isolated from As contaminated sediments [26]. Again, this could be attributed to the Phosphate content and
concentration (0.04 g/L) of the BG 11 media used. The high phosphate concentration in the media may not have
induced phosphate transport system (which is the main arsenate transport system) usually induced under phosphate
deprivation, therefore decreasing arsenate transport at 1000 mg L™' As amendment relative to 5000 mg L™' As treat-
ment [12]. Phosphate concentration interferes with arsenate transport and has a great influence on arsenic resist-
ance in cyanobacteria [5, 12, 24]. Sanchez-Riego et al. [24] showed repression of phosphate transport genes by both
arsenate and arsenate in Synechocystis sp. PCC 6803 preventing acquisition of arsenate after both treatments. It has
also been reported that more than 3000 fold difference in arsenate over phosphate concentration invivo is needed
to observe a negative effect in growth [22]. Reduction in phosphate concentration in the media has been shown to
be essential in detecting growth inhibition by the addition of arsenate during the growth of cyanobacteria [12, 24].
Xioa et al. [6] reported a much higher As(V) concentration in low phosphate (0.0003 g/L) than in high phosphate
(0.007 g/L) media during the growth of Microcystis wesenbergii, this was attributed to inhibition of As(V) by phosphate.
However, As cell accumulation was higher in 1000 mg L™ relative to the lower As concentrations therefore, it could
be that OD was not affected at this concentration as a result tolerance and resistance.

Chlorophyll a was significantly lower (p < 0.05) in 1000 and 5000 mg L™ As amendments as compared to the con-
trol of Pseudanabaena sp, Desmonostoc sp and Pseudanabaena sp (sub genus llyonema) but was lowest in 5000 mg
L~" amendments in all the four studied cyanobacteria (Fig. 2). Several authors have reported decline in Chl a with
increasing As concentrations [18, 20, 21, 23, 36, 38]. Huang et al. 2014 showed reduction in cell numbers, growth
rate and chlorophyll a of three cyanobacteria sp (Oscillatoria tenuisa, Anabena affinis and Microcystis aeruginosa)
with increasing As(V) concentration. This may be as a result of high internal As(V) concentration thereby inhibiting/
reducing d-aminolevulinic acid dehydrogenase and protochlorophyllide reductase which actively participate in
pigment synthesis [18, 23]. High As concentrations can eliminate the order of chloroplasts arrangement and affect
photosynthetic processes [36]. Pandey et al. [23] reported a 36.1% decline in chlorophyll a on day 1 of arsenic amend-
ment using Anabaena sp. PCC7120. Similarly, Microcystis aeruginosa showed 31.5% reduction in chlorophyll a as
compared to the control at As(V) concentration of 50 mg-L™" [36]. Again, [18] reported 15, 34 and 44% reduction in
Chlorophyll a content following 50 mM, 100 mM and 150 mM arsenate treatment. Lower Chlorophyll a content in high
As concentration could also be as a result of enhanced activity of chlorophyllase (a chlorophyll degrading enzyme),
replacement of Mg atom from the tetra-pyrrole ring of chlorophyll and the substitution of central atom with that
of As thereby, inhibiting its biosynthetic pathway and the efficiency of photosynthetic light harvesting complexes
[15, 18, 23, 38]. Generally, there was an increase in chlorophyll a content with time in the controls of Desmonostoc
sp and Pseudanabaena sp (sub genera llyonema) and Tolypothrix sp at 1000 mg L™'As amendment (Figure 2). This
agrees with the findings of [23] who reported increase in chlorophyll a content of Anabena sp PCC7120 with time.
Conversely, Tolypothrix sp had significantly higher (p < 0.05) chlorophyll a content in 1000 mg L™ As amendment as
compared to the control and 5000 mg L™' As amendment at 4, 6 and 8 d (Fig 2). This could be because As could be
utilized under non inhibitory concentrations as additional energy source in metabolic processes that in turn improves
nutritional status when grown in culture [39]. Gong et al. [3] similarly reported enhanced chlorophyll a in the presence
of As(V) during Microcystis aeruginosa FACHB 905 growth. Chlorophyll a was also stimulated during the growth of a
diazotrophic cyanobacteria (Nostoc ellipsosporum) at 50 and 200 uM sodium arsenate salt [39]. Again, chlorophyll a
content of Gloeothece sp. GO9 was stimulated at 2.5 mg L™ zinc concentration [40]. Plate pictures of cyanobacterial
cells (Fig. 2) showed that control cells were greenish in color as compared to yellowish brown color observed in the
highest As amendment (5000 mg L™"). As(V) has been reported to negatively affect cyanobacteria pigment levels
[36]. Further, [23] observed that As treatment within 48-72 h transformed bluish green Anabaena sp. PCC7120 into
yellow brown and dense pigmentation at one side of the cell. Debnath and Bhadury [20] also showed loss of pig-
ment fluorescence in their study as a result of As(lll) toxicity to four (4) diazotrophic cyanobacteria isolated from rice
fields of As affected Bengal Deltan Plain (BDP). Low OD and chlorophyll a content at highest studied concentration
could be attributed to As cellular accumulation and toxicity thereby, reducing cell growth, biosynthetic pathway and
the efficiency of photosynthetic light harvesting complexes. Protein degradation, reduced photosynthetic pigment
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content as well as decrease in exopolysaccharide could be the cause of reduced protein and carbohydrate content
at highest studied concentration.

Generally, carbohydrate and protein content of studied cyanobacteria were concentration dependent and were low-
est in the highest As concentration (5000 mg L") studied (Tables 1 and 2). The low protein content in 5000 mg L™" As
amendments could be as result of negative impact of As on protein synthetic pathways, enhanced protease activity and
ROS generation while that of carbohydrate could be associated with reduced photosynthetic pigment content as well as
decrease in exopolysaccharides [21, 39]. Patel et al. [21] similarly reported reduced protein and carbohydrate contents of
Nostoc muscorum and Anabaena sp PCC7120 when they were exposed to increasing concentrations of As(V) and As (l1l).
Sanchez-Riego et al. [24] showed that the main response in Synechocystis sp PCC 6805 to arsenate (1 mM) and arsenate
(50 mM) treatment included repression of growth-related genes or energy generation systems (photosynthesis, ATP
synthetase and respiration) as well as, protein degradation. Again, As at high concentrations exerts oxidative stress by
generating reactive oxygen species (ROS) that could damage proteins, lipids, and nucleic acids [6]. Sharma and Rathore
[41] similarly reported reduced growth, protein, carbohydrate and amino acid content of Nostoc muscorum, Anabaena
doliolum and Aulosira fertillissima when exposed to As, albeit the concentrations studied (1-15 mg/L) where much lower
than that of this study. Varied amino acid content were exhibited by CCM-UFV 067, CCM-UFV 063 and CCM-UFV 070
which were a times higher in 1000 and 5000 mg L~ As amendments relative to the control (Tables 1 and 2). This maybe
a reflection of high antioxidants responses as cells try to adjust and tolerant high As dose [38]. However, AA content
of sub genus llyonema (CCM-UFV 065) was dependent on As concentration and was higher in the control relative to
5000 mg L™' As amendment, this may be related to diminished growth and cell death caused by high As concentration
[38]. Interestingly, CCM-UFV 065 accumulated more As in cells relative to other studied cyanobacteria (Table 4).

As accumulation in cells were concentration dependent. Cells with higher As concentrations in media accumulated
more As in the cells relative to cells with low As concentrations (Tables 3 and 4). The BG 11 media used in this study
allowed high As accumulation although higher arsenic concentrations have been reported to accumulate in cells with
low nutrient content relative to high nutrient content [6]. Again, lowest percentage As concentration in media (data not
shown) were observed in higher As concentrations (1000 and 5000 mg/L) in this study. As cell accumulation could mean
detoxification capacity by cells normally achieved by adsorption of As to cell surface, reduction, and thiol mediated
sequestration in the vacuoles [38, 42]. The low As concentration in media with high As concentration (data not shown)
is similar to the work of [20] where a total arsenite decrease of 72-84% within 7 days of cyanobacterial incubation was
reported. Several Authors have reported dose dependent accumulation of As in cells [6, 18, 20, 21, 36, 38]. Patel et al. [18]
reported increasing As in cells as the concentration of arsenic increased in medium. Similarly, concentration-dependent
increase in As accumulation in Nostoc muscorum and Anabaena sp. PCC7120 during growth in As(V) and As(lll) was illus-
trated by [21]. Upadhyay et al. [38] showed a significant dose dependent accumulation pattern in Nannochloropsis sp
grown in different concentrations of As(lll). Increasing arsenic concentration in the medium led to elevation of arsenic
concentration in the cells of Nostoc sp. PCC 7120 [43], and in cells of Nostoc muscorum grown under arsenate [18]. Fur-
ther, arsenicals’accumulation in M. wesenbergii increased with increasing iAs (V) concentrations [6]. Again, in agreement
with our study, [20] showed increase in intracellular As concentrations with increase in As(lll) dose. High accumulation
of As may also be due to different functional groups (hydroxyl, carboxyl and sulphate) in the cell wall that confer nega-
tive charge on its surface thus, toxic elements get sorbed electrostatically to the cell surface and enhance accumulation
capacity [38]. In contrast to observations in this study, [36] gave evidence of decreases in the accumulation of As(V) by
three cultures of cyanobacteria as AS(V) concentration increased. The Authors stated that cyanobacterial cells could not
biosorb and bioaccumulate more As(V) as they were exposed to higher initial concentration (50 mg/L). In this study, As
accumulation by cyanobacteria correlated with reduction in OD, Chlorophyll a, CHO and proteins. However, increase in
AA was also observed a times at high As concentrations (1000 and 5000 mg L™' As amendments), with the exception of
CCM-UFV 065 which had less AA at 5000 mg L™'As amendment.

5 Conclusion

Findings from this study showed that all indigenous cyanobacteria isolates were able to grow at both low and high As
concentrations which showed their resistant to As contamination probably due to exposure to As. Although As at the
highest (5000 mg/L) studied concentration showed reduction in growth (OD), physiology (Chlorophyll a) and metabolism
(CHO and protein) in indigenous cyanobacteria, the increase AA a times would have been detoxification mechanisms
applied to deal with high As concentration in cells. All studied cyanobacteria showed ability to absorb As(V) especially
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Pseudanabaena sp (sub genus llyonema) CCM-UFV 065 and these could be potential isolates for bioremediation of As-
contaminated waters.
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