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Abstract 

Despite scarce studies have analyzed the relative growth inhibition of As (III) and As (V) to diatom, clear 
pattern of interspecies difference have been shown, identifying cell size as a key property determining the 
sensitivity of diatom to As. Evidence from cultures suggests that cell size is a key factor in determining the 
extent of arsenic (III) & (V) stress of diatom, with relatively lesser effects of As (V) than As (III) on small 
cells. Cent percent growth inhibition was observed for large size group (Coscinodiscus radiatus, Surirella, 
Amphipleura, Thalassiothrix, Cyclotella and Thalassiosira decipiens) relative to smaller size group  
(Skeletonema cf. costatum, Navicula rhombica, Amphora hyalina, Nitzschia longissima except Thalassisira. 
Interspecies differences in As tolerance by diatom in the mangrove ecosystem indicates cell size could be 
only one factor contributing to these differences. The results show that 81.7% of total arsenic was uptaken 
from culture media originally amended with arsenic. Looking to the extreme tolerance and arsenic removal 
efficiency, application of the species with smaller cell size relative to the other tested diatom for bioremedia-
tion purpose can be envisaged. 
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1. Introduction 
 
Arsenic, widely distributed contaminants of different 
water bodies is one of the many environmental known 
carcinogenic agents and mutagens. The chemical form 
and oxidation state of arsenic govern its biological 
availability and physiological and toxicological effects of 
arsenic. Toxicity of arsenic is reduced due to its conver-
sion from inorganic to organic form, and is increased by 
its reduction from arsenate to arsenite for most biological 
system [1]. Trivalent arsenic has a higher affinity for 
thiol groups relative to pentavalent state, as it readily 
forms kinetically stable bonds to sulfur and induces en-
zyme inactivation [2]. However, organisms may develop 
arsenic resistance depending on both endogenous and 
exogenous factors i.e changing membrane transport and 
secretion. Transport systems of phytoplankton incorpo-
rating the elements necessary for cell growth is not spe-
cific and their size and cell surface to volume ratio are 
important factors for sensitivity towards nutrients and 

toxic metals in the ambient medium [3-5]. Toxic ions 
chemically similar to nutrients when present in excessive 
concentrations may interfere with normal biological 
processes, producing inhibitory effects. A variety of evi-
dence in the literature indicates that the sensitivity of 
phytoplanktonic cells to inhibition by arsenic may be 
function of species composition and cell size [6,7]. 
Abundance of arsenic in organic form is more pro-
nounced during spring phytoplankton bloom [8,9] and 
could be a mechanism to avoid toxicity by eliminating 
intercellular arsenate which is taken up inadvertently 
along with phosphate resulting inhibition of cellular oxi-
dative phosphorylation and growth [10,11]. In the eutro-
phic ecosystem, like nutrient rich mangroves with oc-
currence of rapid growth and species succession [12], 
arsenic resistance could be more pronounced in the 
smaller species, microflagellates and/ or pinnate diatoms.  

Occurrence of elevated level of arsenic (several hun-
dred g·L–1) in ground and pore water sourced from al-
luvial aquifers in the Bengal delta plains in West Bengal 
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and Bangladesh relative to that of the Sundarban man-
grove water (4.67 - 38 nm, [9]) have received significant 
attention during the last decade [13-16]. Any shift in size 
structure of phytoplankton communities that might occur 
in response to arsenic contamination has wide-ranging 
implications for pelagic food web processes and for in-
teractions with the benthos via sedimentation [17]. Ed-
monds and his co-workers [18] suggested that marine 
unicellular algae could carry out biotransformation and 
detoxify inorganic arsenic at arsenate concentration sev-
eral fold ambient levels and could be promising to har-
ness for remediation of arsenic contamination. Evidence 
from cultures suggests that cell size is a key factor in de-
termining the extent of arsenic (III) & (V) stress of dia-
tom, with relatively lesser effects of As (V) than As (III) 
on small cells [6]. This hypothesis was investigated in 
mixed culture of estuarine diatom by measuring 
size-dependent growth under arsenic (III) & (V) concen-
tration gradient. 

The aim of this paper is to evaluate effect of trivalent 
and pentavalent arsenic species on the growth of eury-
haline phytoplankton communities in vitro and to evalu-
ate the hypothesis that cell size dominates over taxo-
nomic differences in controlling the degree of arsenic 
toxicity inhibiting primary production. 
 
2. Material and Methods 
 
Natural phytoplankton Navicula rhombica, Amphora 
hyalina, Coscinodiscus radiatus, Nitzschia longissima, 
Skeletonema cf costatum, Cyclotella, Thalassiosira de-
cipiens, Thalassiothrix , Amphipleura, Surirella sp., were 
isolated from water of the Sundarban mangroves (21˚32' 
- 22˚40'N and 88˚05' - 89˚E), North East Coast of India. 
Two experiments were performed, one each in monsoon 
(September) and spring (January). The isolates were 
grown and maintained in f/2 medium [19] at 18˚C and 
3200 lux of illumination. The algal species in f/2 me-
dium were spiked with 0, 200, 400, 800, 1200, 1600 
g·L–1 As (V) (Arsenate) and As (III) (Arsenite) in two 
sets of culture vessels. Every day, changes in phyto-
plankton number and their size were measured in tripli-
cate for 6 days and values reported here are mean of the 
experimental data. Nutrient concentration in the medium 
were not limiting during the course of experiment.  

Phytoplankton were filtered from each flask through 
Millipore (0.45 m) filter paper after 6 days of culture. 
Phytoplankton residue were refluxed with acid mixture 
(H2SO4 and HNO3 1:10V/V) [20] and arsenic in each 
sample was determined after hydride generation using 
Atomic Absorption Spectrometry [9]. The change of 
chemical form of As from inorganic to organic in the 
medium was studied by the analysis of filtrate for As 
before and after alkaline persulphate oxidation [21] using 

spectrophotometric method modified by Cummings 
[22].1 ml of sample from each flask was taken in Sedg-
wick Rafter counting chamber for enumeration and cell 
volume was determined by using the simplest geometric 
configuration that best fit the shape of the cell [12].  

Growth rate of phytoplankton is expressed in terms of 
doubling time (d) in days and specific growth constant 
(µ·day–1) is expressed by:  

 2 1 2 1ln N N t t             (1) 

where N2 and N1 are the phytoplankton number produced 
during time t1 and t2. The effect of nutrient concentration 
(N) on the growth constant, µ is described by the Micha-
elis-Menten equation: 

   max sN K N              (2) 

where µmax is the maximum growth of the phytoplankton, 
and Ks is the constant for nutrient uptake. The full inhibi-
tion model [23], after linear transformation, was obtained 
by multiplying both terms in the right hand side of the 
equation (2) by the inhibition term (1 + [As]/Ki, where 
[As] is the concentration of inhibitor and Ki is the inhibi-
tion  constant ) to give the following equation after set-
ting [N] to infinity: 

  max max1 As 1            (3) 

 
3. Results 
 
A typical example of inhibition of growth of phyto-
plankton collected in the monsoon and effectuated by the 
increased order of arsenic is shown in Figure 1. Back-
ground Arsenic concentrations averaged 1.5 µg·L–1, with 
a range of 0.94 to 2.75 µg·L–1. Phytoplankton growth 
rates (µ) were 0.8433 - 1.0033 d–1 and cell density 
ranged between 1.1 and 25 × 105 cells·L–1 in the control. 
In two experiments both As (V) & (III) exhibited growth 
inhibition with increasing order of arsenic dosing and 
percentage of decreases of growth rates (µ) and cell den-
sities relative to control were 70.0 - 57.23 % and 116 - 
52%, respectively for As (V), and 49.7 - 38.7% and 48.8 
- 26%, respectively for As (III) in the concentration 
range between 200 and 1600 µg·L–1. Representative 
graphs for the changes in cell density (Number·L–1) over 
time in control and arsenic treated cultures of the domi-
nant diatom species with different cell size for monsoon 
sample are given in Figure 2 for As (V) and in Figure 3 
for As (III). A similar pattern was observed for spring 
diatom samples.  

Skeletonema cf. costatum dominated for the entire ex-
periment in control and arsenic treated culture, compris-
ing an average of 40 and 66.8% of total cell density, re-
spectively. In all arsenic-treated (V & III) culture media, 
regardless of dose Thalassiothrix, Amphipleura and 
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Surirella declined from 4.8, 5.6 and 2.5% of total cell 
density, respectively in control to zero within 1st day of 
the start. But Coscinodiscus radiatus, Cyclotella and 
Thalassiosira decipiens comprising an average of 7.2, 

4.0 and 12.0 % of total cell density, respectively declined 
to insignificant densities within 5 days of the start of As 
(V) and As (III) treatment (Figures 2-4). Conversely, 
Figure caption:

 

Figure 1 Change of total density (Cell Number·L–1) of test diatoms in control and arsenic-treated media a. As (V) b. As (III) 

 

Figure 2. Response of diatoms (a) Coscinodiscus radiatus, (b) Cyclotella sp., (c) Amphora hyalina, (d) Navicula rhombica, (e) 
Skeletonema cf. costatum and (f) Thalassiosira decipiens to different concentration of As (V) (  200 μg·L–1,  
400 μg·L–1,  800 μg·L–1,  1200 μg·L–1,  1600 μg·L–1,  control). 
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Figure 3. Response of diatoms (a) Coscinodiscus radiatus, (b) Cyclotella sp., (c) Amphora hyalina, (d) Navicula rhombica, (e) 
Skeletonema cf. costatum and (f) Thalassiosira decipiens to different concentration of As (III)  200 μg·L–1, 

 400 μg·L–1,  800 μg·L–1,  1600 μg·L–1,  control). 
 
Amphora hyalina, Navivula rhombica, Skeletonema cf. 
costatum dominated arsenic-treated culture media to a 
much greater extent than control, reaching densities 
ranging 0 - 11.5, 3.3 - 11.5, 50 - 85.7% of total cells, re-
spectively in As (III) treated assemblages and ranging 0 - 
11.7, 4.6 - 19.7, 51.7 - 92.3% of total cells, respectively 
in As (V) treated assemblages vs. 8.0, 8.0, 40.0% of total 
density, respectively in control assemblages. Predomi-
nant species with prominent arsenic resistance were 
found to be Skeletonema cf. costatum, Navicula rhombica 

and Amphora hyalina for As(V) and Skeletonema cf.  
costatum for As(III) (Figure 4). 

All parameters in the equation 3 (µmax and Ki) were 
estimated by linear regression between 1/ µ vs As(III & 
V). The Ki and µmax were found 0.7986 – 1.5162 × 104 
and 0.6261 – 0.6595 d–1 (R2 = 54.21 – 97.99%, p < 0.001) 
for As(V), and 0.2376 – 0.0.464 × 104 and 0.5264 – 
0.5387 d–1 (R2 = 96.72 - 98.84%, p < 0.001) for As(III). 
Extent of growth inhibition by As(III) was greater rela-
iv  to As(V).  t

 
e  
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Figure 4. Densities of test diatoms (cell number.L-1) in control and As-treated culture media a. As (V) b. As (III) after 5th day 
of start. 
 
Table 1. Mean concentration of particulate, dissolved inor-
ganic and organic arsenic in the test diatom culture me-
dium treated with arsenic. 

Total conc. of arsenic in the  
culture medium 

 

Concentration of 
As doses in the 

culture  
medium (µg·L-1) 

Particulate 
(µg·L-1) 

Dissolved 
organic form 

(µg·L-1) 

Density of 
diatom in the 

culture  
medium Cell 
No × 105 L–1

1 200 155.8 - 161.2 11.4 - 18.2 9.4 - 24.0 

2 400 338.9 - 341.0 33.3 - 45.8 6.8 - 23.2 

3 800 689.5 - 702.7 39.9 - 45.8 5.0 - 16.6 

4 1200 1063.5 - 1064.4 42.5 - 57.2 4.8 - 15.2 

5 1600 1092.7 - 1415.7 61.0 - 72.9 4.6 - 13.0 

Due to the difference in size of Skeletonema cf. costa- 
tum, Nitzschia longissima, Coscinodiscus radiatus,  
Cyclotella between spring and monsoon sample (8.18, 
10.46, 10883.6, 104.6 versus 38.89, 97.22, 47732.14, 
449.15 µm3cell–1) total biovolume of diatom sample used 
in the experiment was greater in the monsoon than in the 
spring (105.5 × 106 versus 29.2 × 106 µm3

·L–1). In both 
instances, the lowest As (V & III) dose was sufficient to 
cause a significant deviation in growth rates, though, the 
results of μmax and Ki were different between spring and 
monsoon experiment (0.6261 d–1, 0.7986 × 104 for As(V) 
and 0.5264 d–1, 0.2376 × 104 for As(III) in the spring ver-
sus 0.6595 d–1, 1.5162 × 104 for As(V) and 0.5387 d–1, 
0.464 × 104 for As(III) in the monsoon), and relative 
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growth of small size diatom were greater than larger spe-
cies. As (V) and As (III) acted differently for inhibiting 
growth of phytoplankton species, for example, the effect 
was more pronounced in relatively large centric diatoms, 
Coscinodiscus radiatus (μmax = 0.7489 - 1.1917 d–1

, Ki = 
159 - 1250 for As(V), and μmax = 0.9787 - 1.0808 d–1, Ki 

= 578 - 1459 for As (III)) than in Skeletonema cf. co-
statum (μmax = 1.0881 - 1.3089 d–1 and Ki = 1910 - 3063 
for As (V), and μmax = 0.8326 - 0.9363 d–1, Ki = 3003 - 
5342 for As (III)). 

In the culture media, dissolved inorganic arsenic and 
dissolved organic arsenic and particulate form of arsenic 
(phytoplanktonic) were determined and results are given 
in the Table 1. Arsenate was up taken by the test diatoms 
from the culture media and subsequently was converted 
to particulate (81.7%) and dissolve organic form (6.1%) 
in the medium. 
 
4. Discussion  
 
The response of phytoplankton species composition to 
both As(III) & As(V) was significant, and  deviation in 
growth rates were observed for increasing arsenic dose. 
The ANOVA for the data showed overall significant dif-
ferences of population between control and As(III) & (V) 
treated samples (For 200 µg·L–1, F = 0.54, P = 0.596, DF 
= 2, 15; for 400 µg·L–1, F = 0.77, P = 0.481, DF = 2, 15; 
For 800 µg·L–1, F = 1.35, P = 0.29, DF = 2, 15; for 1600 
µg·L–1, F = 2.08, P = 0.159, DF = 2, 15).  

Inhibition of growth by arsenic doses varied greatly 
with respect to size and shape. Decline in growth rate of 
relatively larger diatoms than small species in As-treated 
culture could be of important ecological significances. 
The smaller species not only contain smaller quantities 
of carbon leading to decline of carbon sequestration but 
also could lead to an increase in grazing by microzoo-
plankton and perhaps altered trophic structure in the nu-
trient rich mangrove ecosystem. In this study, speciation 
of arsenic changed significantly, and more toxic inor-
ganic form was converted to less toxic particulate and 
organic form, in consistent with the highly productive 
coastal water where interconversion of arsenic to organic 
form (methyl arsonate/ dimethyl arsenate was reported 
[24-27]).  

There were significant negative relationships between 
Ki (inhibition constant) and V (biovolume, µm3cell–1) (r 
= –0.5, n = 10, p = 0.004 for As(V) and r = –0.5, n = 10, 
p = 0.012 for As (III)). Small size fraction of diatom 
(Skeletonema cf. costatum, Navicula rhombica and Am-
phora hyalina) treated with As(V) and As(III) showed 
least growth inhibition relative to larger counterpart 
(Coscinodiscus radiatus, Surirella, Thalassiothrix,  

Amphipleura). However, the spring sample of Thalas-
siosira decipiens showed As tolerance in contrast to the 
monsoon sample. Interspecific differences in As toler-
ance by diatom in the mangrove ecosystem indicated cell 
size could be only one factor contributing to these dif-
ferences, DNA base content, sequence and their damage 
could play a significant role. 
 
5. Conclusions 
 
Based on this experimental study, it can be concluded 
that the test diatoms with smaller in cell size exhibit re-
markable tolerance towards arsenic relative to those with 
large cell size and they have a potential to remove arse-
nic from the medium under laboratory conditions and are 
the promising candidate to be effectively exploited for 
bioremediation of the arsenic-contaminated sites.  
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