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was tested. The tests were run in four different growth media at three temperatures. All
bacterial strains removed iodide from the solution with the highest efficiency shown by one

Keywords:

of the Paenibacillus strains with > 99% of iodide removed from the solution in one of the used

Radioiodide

growth media. Pseudomonas, Rhodococcus and one of the two Paenibacillus strains showed

Uptake

highest iodide uptake in 1% yeast extract with maximum values for the distribution

Paenibacillus

coefficient (Kd) ranging from 90 to 270 L/kg DW. The Burkholderia strain showed highest

Pseudomonas

uptake in 1% Tryptone (maximum Kd 170 L/kg DW). The Paenibacillus strain V0-1-LW

Burkholderia

showed exceptionally high uptake in 0.5% peptone +0.25% yeast extract broth (maximum

Rhodococcus

Kd > 1,000,000 L/kg DW). Addition of 0.1% glucose to the 0.5% peptone + 0.25% yeast extract
broth reduced iodide uptake at 4°C and 20°C and enhanced iodide uptake at 37°C compared
to the uptake without glucose. This indicates that the uptake of glucose and iodide may be
competing processes in these bacteria. We estimated that in in situ conditions of the bog,
the bacterial uptake of iodide accounts for approximately 0.1%–0.3% of the total sorption of
iodide in the surface, subsurface peat, gyttja and clay layers.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Iodine is an important trace element for humans and animals
because of its essential role in the thyroid hormones,
thyroxine and triiodothyronine (De la Vieja et al., 2000;
Eskandari et al., 1997). From the radioecological point of
view, 129I is among the most important radionuclides in the
long-term biosphere safety assessments of spent nuclear fuel,
due to its very long half-life of 15.7 My, large inventory in

spent nuclear fuel and high mobility in the environment
(Helin et al., 2010; Hjerpe et al., 2010). Iodine bioaccumulates
in humans, especially in the thyroid gland, through the food
chain or inhalation (Xu et al., 2011). The mobility of I in the
environment is affected by several factors, such as the
chemical speciation of iodine, organic matter content and
mineral properties of the soil, redox potential, pH and
microorganisms (Ashworth and Shaw, 2006; Ashworth et al.,
2003; Sheppard et al., 1995; Assemi and Erten, 1994; Evans and
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Hammad, 1995; Li et al., 2012). The major chemical forms of
iodine found in the environmental systems include iodide
(I−, oxidation state − I), iodate (IO−3, oxidation state + V), iodine
(I2, oxidation state 0), hypoiodous acid (HIO, oxidation state +I)
and organo-iodine (Li et al., 2012; Kaplan et al., 2014; Xu et al.,
2013; Muramatsu et al., 1990; Muramatsu and Yoshida, 1999).
Microorganisms are known to affect the geochemical cycling
of iodine (e.g. Li et al., 2011, 2012; Xu et al., 2013; Yamaguchi et al.,
2010; Lusa et al., 2015), but only a few studies on iodine uptake by
bacteria have been reported (e.g. Li et al., 2011; Amachi et al.,
2007, 2010). Amachi et al. (2007) have suggested a hydrogen
peroxide-dependent uptake of iodine by marine Flavobacteriaceae
bacterium strain C-21, in which iodide is oxidized to I2 or HIO
by peroxidases before its incorporation into the bacterial cell.
Iodide accumulation has also been described in aerobic bacterial
strains closely related to Streptomyces/Kitasatospora spp., Bacillus
mycoides and Ralstonia/Cupriavidus spp. isolated from the subsurface sediments of Savannah River Site F area (Li et al., 2011).
On the other hand only very limited adsorption or accumulation
of iodine has been shown by anaerobic microorganisms (Amachi
et al., 2010).
In contrast, the oxidation of iodine by bacteria has been
studied increasingly (Li et al., 2012; Gozlan, 1968; Amachi et al.,
2005; Li et al., 2014) since the late 1960s when Gozlan (1968)
isolated an iodide-oxidizing bacterium from experimental
seawater aquaria. In addition iodide-oxidizing bacteria have
been isolated from iodide-rich natural gas brines and seawaters
and these bacteria were phylogenetically divided into two
groups within the α-proteobacteria (Amachi et al., 2005). One
of these groups was affiliated with Roseovarius lineage and the
other group was phylogenetically distinct from previously
characterized bacteria (Amachi et al., 2005). H2O2-dependent
iodide oxidation mechanism has been described in ten bacterial
strains isolated from soil in the F-area of a Savannah River Site,
involving organic acids produced by the bacteria (Li et al., 2012).
These bacterial isolates belonged to Actinobacteria, Bacteroidetes,
Firmicutes and Proteobacteria phyla (Li et al., 2012). In addition, a
manganese-oxidizing marine bacterium Roseobacter sp. AzwK-3b
was recently shown to produce superoxide, which facilitates the
iodide oxidation (Li et al., 2014).
In Finland, spent nuclear fuel is planned to be disposed of
in a deep bedrock repository. The selected site for the deep
bedrock repository is the Olkiluoto Island, located on the
west-coast of Finland. The coast line on the western part of
Finland is changing due to the postglacial crustal uplift and
within six millennia Olkiluoto will develop into an inland site
(Haapanen et al., 2013). New bogs will be formed in the area
during the same time period as, according to biosphere safety
assessment calculations, the earliest possible releases from
the deep spent nuclear fuel repository would be able to reach
the biosphere if the nuclear waste canisters would degrade
(Posiva Oy, 2012). Lastensuo bog is assumed to represent the
bog biotope that will develop in the Olkiluoto area and was
thus chosen as an analogue biotope for the biosphere safety
assessment for the long-lived radionuclides present in spent
nuclear fuel (Haapanen et al., 2011). As a part of this assessment,
the microbial effect on the sorption of iodide in the surface
moss, peat, gyttja (mud formed from decomposed peat) and clay
layers of Lastensuo bog has been evaluated (Lusa et al., 2015). In
addition, the structure of the bacterial communities in the
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Lastensuo bog has been studied (Tsitko et al., 2014). However,
iodine association in specific bacteria has not been examined in
detail.
In this study we isolated bacteria from different depths of
the peat profile of the ombrotrophic boreal Lastensuo bog in
Finland to examine the uptake of iodide by these bacteria. The
data obtained will be used to estimate the impact of bacteria
in the sorption of radioiodine in acidic bog environments in in
situ conditions.

1. Materials and methods
1.1. Description of the site
The sampling site, Lastensuo bog, is situated on the western
coast of Finland about 30 km north-east of the Olkiluoto
repository area (Fig. 1). The bog has previously been described
by Mäkilä and Grundström (2008) and Haapanen et al. (2013) and
will only shortly be described here. This raised, ombrotrophic,
south-west sloping bog is surrounded by hummocky till soils
and has a surface area of 440 ha. The maximum thickness of
the peat layer is approximately 6 m and the surface level is 44 to
48 m above sea level. The bottom soil below the peat layers is
clay and sand derived from former seabed. In the middle parts
of the bog, gyttja is found on top of the clay layer. The mire types
found in the centre parts of the bog are treeless or near-treeless
Sphagnum fuscum bog, Sphagnum fuscum pine bog, ridge hollow
pine bog and hollow bog (Mäkilä and Grundström, 2008).
Towards the margins of the bog the mire types change through
low sedge bog and cotton grass pine bog to tall sedge pine fen
and forested peatland. The main peat types found in Lastensuo
include Sphagnum peat (58%), sedge-moss peat (8%), sedge peat
(19%) and few-flowered sedge (15%). According to radiocarbon
dating, the peat accumulation of the mire commenced
5300 years ago and the overall average peat accumulation has
been 1.08 mm/a.

1.2. Sampling
A core sample was obtained from the middle part of the
Lastensuo bog (61°17′31″, 21°50′22″, WGS84 coordinate system)
where the mire type was almost treeless hummock-hollow pine
bog. Samples were obtained from seven different bog layers:
0.5–1.0 m, 1.5–2.0 m, 2.5–3.0 m, 3.5–4.0 m, 4.5–5.0 m, 5.5–6.0 m
and 6.5–7.0 m, using a Russian peat corer with a nest length of
50 cm and diameter of 15 cm. In addition, surface moss (mainly
Sphagnum spp.) was collected. The layers from 0.5 to 5.0 m
consisted of peat with a variable degree of decomposition. The
layer from 5.5–6.0 m was gyttja and the lowest layer from
6.5–7.0 m was light grey clay. Samples were collected aseptically in 50 mL sterile centrifugal tubes, the tubes were sealed in
plastic, brought to the laboratory in cooling bags and stored
frozen at −18°C. The samples were thawed immediately before
use and used as such.

1.3. Isolation of bacteria
For the isolation of the bacteria from the peat, 1 g of thawed wet
peat was suspended in 10 mL of sterile water and homogenized
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Fig. 1 – Map of Lastensuo study area. Sampling site is marked as Plot 1 (sampled also in year 2010). GSF study plots have been
sampled for peat thickness by Geological Survey of Finland. Data sources: Geological Survey of Finland (soil map, GSF study plot
locations) and topographic database of National Land Survey (ditches, mire borders).

by vortexing. The resulting suspension was serially diluted in
10-fold steps to dilution up to 10−5. Aliquots of 100 μL from
dilutions 10−3 and 10−5 were spread on Plate Count Agar (PCA,
Merckoplate®). The plates were incubated at 20°C for two weeks
in the dark. After the incubation pure cultures were prepared
from isolated colonies on PCA. Bacterial cells from each pure
culture were Gram stained and examined using a light
microscope (Nikon ECLIPSE E200) with 1000-fold magnification.
Six bacterial strains from different peat layer depths were
selected for further characterization; three Gram-negative and
three Gram-positive strains. Catalase activity was tested by
smearing bacterial mass on a microscope slide and applying a
drop of 3% hydrogen peroxide. When copious bubbles were
observed, the bacteria were recorded positive for catalase.
Oxidase activity was tested using 1% Kovács oxidase reagent.
No. 2 Whatman® filter paper was moistened with 1 to 2 drops of
Kovács oxidase reagent and bacterial mass was rubbed onto the
filter paper using a sterile loop. Bacteria were recorded oxidase
positive when the colour change to dark purple was observed
within 10 to 15 sec. RapID™ ONE system (Remell), RapID™ NF

Plus systems (Remell) and ERIC® electronic code were used
according to the manufacturer's instructions to further characterization of the isolated Gram-negative, oxidase negative
bacteria.

1.4. 16S rRNA sequencing and phylogenetic analysis
For the identification of bacterial isolates by sequencing, one
colony of bacterial biomass was collected directly from the
PCA plate of each isolate using a sterile pipette tip. The
bacterial mass was suspended in the lysis buffer SL1 of the
NucleoSpin Soil DNA extraction kit (Macherey-Nagel), after
which the DNA was extracted according to the manufacturer's
instructions. An almost complete fragment of the bacterial
16S rRNA gene was PCR amplified using the primers fD1 and
rD1 (Weisburg et al., 1991). PCR amplification was performed
in 50-μL-reactions containing 1 × Dynazyme® II buffer
(10 mmol/L Tris–HCl, pH 8.8, 1.5 mmol/L MgCl2, 50 mmol/L
KCl and 1% Triton-X-100), 1% formamide, 0.2 mmol/L final
concentration of each deoxynucleoside triphosphate dNTP,
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20 pmol of each primer, 1.5 units of Dynazyme® II polymerase
enzyme (ThermoFisher Scientific) and 1 μL bacterial DNA. The
PCR programme consisted of an initial denaturation step at
94°C for 5 min, 35 cycles of 1 min at 94°C, 1 min at 54°C and
1 min at 72°C. A final elongation step of 10 min was
performed at 72°C. The approximately 1.5 kb PCR products
were verified with agarose gel electrophoresis. The PCR
products were subsequently sent for purification and sequencing to Macrogen Inc., Korea, where sequencing was
conducted in both directions using primers fD1 and rD1.
Sequences were imported into Geneious Pro v. 6.1.6.
(Biomatters Ltd., Auckland, New Zealand) and processed for
phylogenetic analyses. The sequences were assembled and
edited by hand. In order to identify the isolated bacteria, the
obtained 16S rRNA gene sequences were compared to the
sequences deposited in GenBank by using the blastn tool in
Geneious Pro (Altschul et al., 1997). The closest matching
sequences as well as relevant reference sequences were
aligned using the MUSCLE alignment tool (Edgar, 2004) in
Geneious Pro. A phylogenetic tree was calculated from the
alignments using the PhyML tool (Guindon and Gascuel, 2003)
and the JC69 substitution model (Jukes and Cantor, 1969) and
the topology of the tree was tested by bootstrap analyses of 1000
random resamplings. The sequences have been deposited in
GenBank under accession numbers KP100420–KP100425.

1.5. Bacterial culture conditions and performance of uptake
experiments
Bacteria isolated from peat were cultured aerobically on
sterile PCA growth plates (PCA, Merckoplate®) at 20°C in the
dark. The colonies were transferred onto new plates weekly. A
batch equilibrium method was used to determine the uptake
of iodide by the isolated bacteria. The uptake experiments
were carried out using Na125I in four different liquid media (A,
B, C and D) with three parallel experiments for each medium.
Medium A consisted of 1% Tryptone and 0.5% NaCl, medium B
of 1% yeast extract and 0.5% NaCl, medium C of 0.5% peptone
and 0.25% yeast extract with 0.1% of glucose. Medium D was
the same as medium C, except without the addition of
glucose. Medium C corresponded to the nutrient agar used in
the primary isolation of bacteria from the peat, gyttja and clay
samples. Medium D was chosen to study the effect of glucose
on iodide uptake. Bacterial suspensions were prepared by
adding isolated bacterial colonies from the growth plates
using a sterile loop into sterile water until the turbidity
corresponded approximately to a McFarland standard no 6.
The suspensions were weighed and 2 mL of this bacterial
suspension was added to 5 mL of broth solution A, B, C or D,
after which Na125I was added to obtain 125I activity of 200 Bq/
suspension. As Chubar et al. (2008) have previously reported
that the addition of acid or base seemed necessary for F−
sorption in Shewanella putrefaciens, in part of the biosorption
experiments 10–100 μL of 1 mol/L HCl was added into the
nutrient broths A and B, to examine the effect of acid
preconditioning on the sorption of iodide. All suspensions
were incubated for 7 days at 4°C, 20°C or 37°C in the dark, after
which the suspensions were filtered through a 0.2 μm sterile
membrane filter. The resulting solution was used for the
NaI(Tl) measurement of 125I activity in the solution. In
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addition, suspensions without added bacteria were prepared
accordingly and measured to assure that no sorption of iodide
on laboratory equipment, filters or nutrient broth solutions
occurred. The association of iodide on bacterial cells was
calculated from the difference between initial and final (after
filtration) iodide concentration in the solution and expressed
as correlation coefficient:
Kd ¼

Ai −A f
V

m
Af

ð1Þ

where Ai (Bq/L) and Af (Bq/L) are the initial 125I activity and
final activity concentration of the solution, V (L) is the solution
volume, and m (kg) is the sample mass at t = 0. Initial mass
added was used in the Kd calculations, as the difference in the
iodide uptake between different bacteria over the same time
period was to be studied. All calculations were performed
using dry mass determined at 105°C. The term uptake is used
to describe the uptake of iodide by bacteria without taking
position on whether iodide uptake takes place on the bacterial
cell membrane or inside the cell.
The iodide sorption isotherm on Paenibacillus B6-7-W was
determined at iodide (KI) concentrations from 0.02–0.8 μmol/L.
The samples were incubated for one week at 20°C in the dark,
after which the samples were filtered and measured as described
above for the batch sorption experiments. All experiments were
done in triplicate. The Freundlich model (Eq. (2) was used to
describe the uptake isotherm of Paenibacillus B6-7-W.
logq ¼ logK F þ ð1=nÞ logC logðqÞ

ð2Þ

where q is the amount of adsorbate adsorbed per unit mass of
adsorbent, C is the concentration of adsorbate in solution at
equilibrium, KF is a constant related to adsorption capacity and n
is a constant related to adsorption intensity. If the plot logq vs.
logC yields a straight line it implies that the sorption process
conforms to the Freundlich isotherm. Constants KF and n are
evaluated from the slopes and intercepts.

1.6. Statistical analyses
To study the statistical difference between the different
growth conditions (i.e., the difference between nutrient broths
A, B, C and D and the three temperatures 4°C, 20°C and 37°C),
the analysis of variance was performed using OriginPro 8.6
(OriginLab®) and one-way ANOVA at the <0.05 level. Analysis
of variance was performed for all studied bacteria separately
for temperature and nutrient broth. In addition, the ANOVA
analysis for the statistical differences in the iodide Kd values
between different bacteria and bacterial groups (Pseudomonas
versus Paenibacillus versus Burkholderia/Rhodococcus and Grampositive versus Gram-negative bacteria) was done.
Freundlich adsorption constants KF and 1/n were determined by linear regression from the plot of logq against C.

1.7. Estimation of the total biosorption proportion of iodine in
the different layers of Lastensuo bog
The total proportion of biosorption in the different layers of
Lastensuo bog was estimated based on our previous studies
on the iodide sorption in the Lastensuo bog (Lusa et al., 2015)
and the size of the bacterial communities of the Lastensuo
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bog obtained by qPCR (Tsitko et al., 2014). The proportion of
iodide biosorption was calculated assuming a temperature of
20°C, average mass of a bacterial cell of 0.28 pg DW (Neidhardt
and Umbarger, 1996), average bacterial uptake of iodide of
116 mL/g dry bacterial cells determined in this study, average
Kd of iodide in peat of 565 mL/g DW (Lusa et al., 2015) and a
bacterial number of 2.5 × 1010 g−1 DW in the surface, subsurface and gyttja layers, 5 × 109 g−1 DW in the 2.5–3.0 m layer
and 2 × 109 g−1 DW in the clay layer (Tsitko et al., 2014).

2. Results
2.1. Characterization of the bacterial isolates
A total of 6 rapidly growing bacterial strains were identified, of
which 3 Gramm-positive and 3 Gramm-negative were stained.
These bacterial strains (named PS-0-L, V0-1-LW, T5-6-I, K5-6-SY,
B6-7-W, and B6-7-CB) originated from surface, 0.5–1.0 m,

5.0–6.0 m and 6.5–7.0 m layers of Lastensuo bog, respectively.
They were all oxidase-negative and catalase-positive (Table 1).
Based on the 16S rRNA gene sequences, the isolates affiliated
with four bacterial groups; Firmicutes (B6-7-W and V0-1-LW),
Actinobacteria (B6-7-CB), β-proteobacteria (K5-6-SY) and γproteobacteria (PS-O-L and T5-6-I). The actinobacterial isolate
B6-7-CB was closely affiliated with the genus Rhodococcus
and the Firmicutes isolates B6-7-W and V0-1-LW with genus
Paenibacillus (Fig. 2). The β-proteobacterial isolate was closely
similar to the genera Burkholderia and Pandoraea, while both
of the γ-gammaproteobacterial isolates, PS-0-L and T5-6-I,
resembled the genus Pseudomonas.
The three Gram-negative, oxidase negative bacterial strains
were further characterized using RapID™ ONE and RapID™ NF
Plus systems (Remell) (Table 1). Strains Pseudomonas T5-6-I and
PS-0-L had similar phenotypic characteristics, with the exception of the capability to hydrolyse acrylamide; while Pseudomonas T5-6-I could hydrolyse γ-glutamyl β-naphthylamide and
Pyrrolidine-β-naphthylamide, Pseudomonas PS-0-L could not.

Table 1 – Biochemical characteristic of Paenibacillus V0-1-LW, Paenibacillus B6-7-W, Rhodococcus B6-7-CB, Burkholderia
K5-6-SY, Pseudomonas T5-6-I, and Pseudomonas PS-0-L.
Strain

T5-6-I

PS-0-L

K5-6-SY

B6-7-W

V0-1-LW

B6-7-CB

Phylum
Class
Genus
Accession number
Cell morphology
Gramm
Oxidase
Catalase
Indole
Urease
Nitrate utilization
Glucose utilization
Malonate utilization
Amino acid hydrolysis:
Arginine
Lysine
Ornithine
Utilization of carbohydrates:
Sorbitol
Sugar aldehyde
Adonitol
Hydrolysis of:
Aliphatic thiol
Fatty acid ester
Triglyceride
Enzymatic hydrolysis of glycoside or
phosphoester:
σ-Nitrophenyl-β,D-glucuromide
ρ-Nitrophenyl-β,D-glucuronide
ρ-Nitrophenyl-n-actyl-β,D-glucosaminide
ρ-Nitrophenyl-β,D-xyloside
ρ-Nitrophenyl-β,D-glucoside
ρ-Nitrophenyl-α,D-glucoside
β-Nitrophenyl–phosphoester
Enzymatic hydrolysis of arylamide:
γ-Glutamyl β-naphthylamide
Pyrrolidine-β-naphthylamide
Proline-β-naphthylamide
Tryptophane β-naphthylamide
N-Benzyl-arginine-β-naphthylamide

Proteobacteria
γ-Proteobacteria
Pseudomonas
KP100424
Rod
−
−
+
−
−
+
−

Proteobacteria
γ-Proteobacteria
Pseudomonas
KP100425
Rod
−
−
+
−
−
+
−

Proteobacteria
β-Proteobacteria
Burkholderia
KP100423
Rod
−
−
+
−
±
+
−

Firmicutes
Bacilli
Paenibacillus
KP100422
Coccus
+
−
+
−

Firmicutes
Bacilli
Paenibacillus
KP100421
Rod
+
−
+
−

Actinobacteria
Actinobacteria
Rhodococcus
KP100420
Rod
+
−
+
−

±
−
−

±
−
−

±
−
+

−
−
−

−
−
−

−
−
−

−
+
+

−
+
+

−
+
+

−
−
−
−
−
−
+

−
−
−
−
−
−
+

−
−
+/−
−
−
−
+

+
+
+
−
+

−
−
+
−
+

+
−
+
−
−
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T5-6-I was less than 45% from the maximum uptake observed
for the other studied bacteria. For Paenibacillus V0-1-LW, the
maximum Kd values in medium A and medium B were 90 L/kg
and 60 L/kg, respectively. For Pseudomonas T5-6-I, the corresponding values were 40 L/kg and 90 L/kg. Medium B was
clearly more effective nutrient for iodide uptake for Rhodococcus
B6-7-CB and Pseudomonas PS-0-L. For Rhodococcus B6-7-CB, the
average iodide uptake of all studied temperatures was 3.4 times
higher in medium B compared to the uptake in medium A.
Similarly, for Pseudomonas PS-0-L the uptake of iodide in
medium B was 2.4 times higher than in medium A.
In medium A and medium B, the maximum uptake for
Burkholderia K5-6-SY and Pseudomonas PS-0-L was observed at
37°C. For Pseudomonas T5-6-I, Rhodococcus B6-7-CB and
Paenibacillus B6-7-W the maximum uptake was observed at
20°C. Similar uptake was found for Paenibacillus V0-1-LW at
4°C and 37°C and lower at 20°C.
The preconditioning of nutrient broth with the addition of
10–100 μL of HCl did not increase the sorption of iodide in any
of the bacteria. On the contrary, the acid addition decreased
the sorption in all studied bacteria to an average of 16% of the
sorption observed in samples without acid addition.
Fig. 2 – Phylogenetic tree constructed from the 16S rRNA gene
sequences of bacterial isolates from Lastensuo bog using the
PhyML tool and the JC69 substitution model. The topology of
the tree was tested by bootstrap analyses of 1000 random
resamplings.

Nevertheless, both strains could utilize nitrate and hydrolysed
β-nitrophenyl–phosphoester, proline-β-naphthylamide and
N-benzyl-arginine-β-naphthylamide. Pseudomonas T5-6-I also
hydrolysed γ-glutamyl β-naphthylamide and pyrrolidine-βnaphthylamide. Fatty acids and lipids were hydrolysed by
both strains and arginine hydrolysis was variable.
The Burkholderia K5-6-SY isolate was stained Gram-negative.
Urease production and arginine hydrolysis were variable, but
ornithine, fatty acids and triglyceride, β-Nitrophenyl –
phosphoester, γ-Glutamyl β-naphthylamide and Proline-βnaphthylamide were hydrolysed. Hydrolysis of ρ-Nitrophenyln-actyl-β,D-glucosaminide was variable.

2.2. Uptake of radioiodide by isolated Paenibacillus, Rhodococcus,
Burkholderia and Pseudomonas in media A and B
Radioiodide uptake was affected by the nutrient broth used.
For Paenibacillus B6-7-W and Rhodococcus B6-7-CB, the maximum uptake was found in medium B (1% yeast extract), with
respective maximum Kd values of 270 L/kg and 200 L/kg
(Fig. 3). For Burkholderia K5-6-SY, the maximum uptake
(170 L/kg) was found in medium A (1% Tryptone). For
Pseudomonas PS-0-L, the maximum Kd values were very similar
in both media, being 180 L/kg in medium A and 200 L/kg in
medium B. For Paenibacillus V0-1-LW and Pseudomonas T5-6-I
clearly lower uptake compared to other studied bacteria was
observed. For these bacteria the average observed uptake in
medium A and medium B was only 10% from the average
uptake observed for the other studied bacteria in these
nutrient broths. Furthermore in medium A and medium B the
maximum uptake by Paenibacillus V0-1-LW and Pseudomonas

2.3. Effect of glucose on the uptake of iodide in Paenibacillus,
Rhodococcus, Burkholderia and Pseudomonas
The effect of glucose on the uptake of iodide was studied, as
Amachi et al. (2007) have suggested an iodide uptake
mechanism in marine Flavobacteriaceae which involves the
oxidation of glucose to gluconate. In this mechanism a
membrane bound glucose oxidase produces H2O2. H2O2 is
further used in the oxidation of I− to I2 using haloperoxidase
(Amachi et al., 2007). I2, in turn, is readily hydrolysed to HIO
and translocated into the cell (Amachi et al., 2007). In our
study the effect of glucose on iodide uptake was studied using
0.5% peptone +0.25% yeast extract with or without 0.1% glucose
addition (medium C and D, respectively) and glucose affected
the uptake of iodide in all studied bacteria (Fig. 4). Medium C
was selected as it corresponded to the broth composition used
in the primary isolation of the bacteria from the fresh peat
samples. At incubation temperatures of 4°C and 20°C, iodide
uptake was on average 80% lower if glucose was added
(medium C) compared to the iodide uptake without glucose
(medium D), in all bacteria except Paenibacillus W0-1-LW. In fact,
no uptake at all was observed in Rhodococcus B6-7-CB,
Burkholderia K5-6-SY, Pseudomonas PS-0-L and Pseudomonas
T5-6-I in medium C at 20°C. Similarly, in all studied bacteria,
except for Paenibacillus W0-1-LW, iodide uptake was an average
of four times lower in medium C and medium D at 4°C and 20°C,
compared to the sorption in medium A and medium B.
At lower temperatures (4°C and 20°C) the maximum Kd values
in medium D were 100 L/kg for Pseudomonas PS-0-L, 10 L/kg for
Pseudomonas T5-6-I, 20 L/kg for Burkholderia K5-6-SY, 40 L/kg for
Rhodococcus B6-7-CB and 50 L/kg for Paenibacillus B6-7-W. In
medium C the corresponding maximum values were generally
very low, being 20 L/kg for Pseudomonas PS-0-L, 0 L/kg for
Pseudomonas T5-6-I, 2 L/kg for Burkholderia K5-6-SY, 40 L/kg for
Rhodococcus B6-7-CB and 10 L/kg for Paenibacillus B6-7-W.
At 37°C an average of 63% increase in iodide uptake was
observed after the addition of glucose for Pseudomonas PS-0-L
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Fig. 3 – Uptake of radioiodide in Paenibacillus B6-7-W (a), Rhodococcus B6-7-CB (b), Pseudomonas PS-0-L (c), Burkholderia K5-6-SY
(d), Pseudomonas T5-6-I (e) and Paenibacillus V0-1-LW (f) isolated from Lastensuo bog at 4°C, 20°C and 37°C in medium A
(1% tryptone) (black) and in medium B (1% yeast extract) (grey). Values represent the means of triplicate trials and uncertainty bars
are the standard error of the mean.

(Kd = 230 L/kg), Pseudomonas T5-6-I (Kd = 40 K/kg), Burkholderia
K5-6-SY (Kd = 90 L/kg) and Rhodococcus B6-7-CB (Kd = 50 L/kg). For
Paenibacillus B6-7-W, no corresponding effect of glucose addition
at 37°C was observed and for this bacterium the Kd value was
30 L/kg in both medium C and D, without any effect by glucose.
Paenibacillus W0-1-LW was observed to behave quite
differently from the other studied bacteria. The iodide uptake
in Paenibacillus W0-1-LW was low (< 100 L/kg) in medium C
containing glucose. A notable increase in the uptake of iodide
at all tested temperatures was observed in medium D without
glucose, compared to the iodide uptake in all other studied
nutrient broths. In medium D, in practice all iodide was
removed (99.9%) from the solution during the one week
incubation time, corresponding to a Kd value of >1,000,000 L/kg
for Paenibacillus W0-1-LW in all studied temperatures.

2.4. Iodide sorption isotherm on Paenibacillus
Due to the high iodine uptake and the biotechnological
importance of the species of Paenibacillus (Lal and Tabacchioni,
2009), the sorption isotherm of Paenibacillus B6-7-W was further
examined by adding KI in medium B at 20°C (Fig. 5a). The
Freundlich model gave a reasonably good fit for the uptake with

a R2 value of 0.9366 (Fig. 5b). The Freundlich adsorption constant
(KF value) for the uptake was 6 × 10−6 mg kg−1 L1/n and the value
of 1/n 0.82.

2.5. Statistical analyses
Based on the analysis of variance (ANOVA), the different
nutrient broths (media A, B, C and D) affected the uptake of
iodide and the differences in the uptake in different broths
were found statistically significant. The F values and Fcrit
values for the difference in the iodide uptake between
different broths at the significance level of 0.05 are presented
in Table 2. As only temperature was taken into account
independent of the broth used, the effect was not statistically
significant in any of the studied bacteria at 0.05 level. In
addition, the difference in the Kd values between different
bacteria or bacteria groups (i.e., Pseudomonas, Paenibacillus and
other bacteria) was not statistically significant at 0.05 level.

2.6. Estimated proportion of iodide biosorption in the bog
The estimated proportion of iodide uptake by bacterial cells
accounted for approximately 0.1% of the total sorption in the
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Fig. 4 – Uptake of radioiodide in Paenibacillus B6-7-W (a), Rhodococcus B6-7-CB (b), Pseudomonas PS-0-L (c), Burkholderia K5-6-SY
(d), Pseudomonas T5-6-I (e) and Paenibacillus V0-1-LW (f) isolated from Lastensuo bog at 4°C, 20°C and 37°C in medium C (0.5%
peptone +0.25% yeast extract +0.1% glucose) (grey) and in medium D (0.5% peptone + 0.25% yeast extract) (black). Values
represent the means of triplicate trials and the uncertainty bars are the standard error of the mean.

surface layer, 0.2% in the subsurface, middle and gyttja layers
(0.5–6.0 m) and 0.3% in the clay layer (6.5–7.0 m) of the bog.

3. Discussion
129

I is one of the most important radionuclides in the
long-term biosphere safety assessments of spent nuclear
fuel disposal due to its large inventory in spent nuclear fuel,
long half-life of 15.7 My, and high mobility both in bedrock
and in overburden (Hjerpe et al., 2010; Helin et al., 2010;
Nichols et al., 2008). Several factors affect the potential
migration of iodine into the biosphere and food chains.
These factors include chemical speciation, organic matter
content, mineral properties, redox potential, pH and microorganisms (Assemi and Erten, 1994; Evans and Hammad, 1995;
Sheppard et al., 1995; Ashworth et al., 2003; Ashworth and
Shaw, 2006; Li et al., 2012). However, the role of bacteria in the
biogeochemical cycling of iodine and the extent of iodide
uptake by various bacteria are still unclear. The oxidation of
iodine by bacteria has thus far been reported only for strains
isolated from marine or brine water environments (Amachi

et al., 2005; Li et al., 2014) and soil from a Savannah River Site,
USA (Li et al., 2012). Likewise, iodine uptake by bacteria has
been reported only for the marine Flavobacteriaceae C-21 strain
(Amachi et al., 2007) and for bacteria closely related to
Streptomyces/Kitasatospora spp., B. mycoides, and Ralstonia/
Cupriavidus spp. (Li et al., 2011). However, sensitivity of
different bacteria to iodine in the wetland environment has
been shown (Sheppard and Hawkins, 1995). Sheppard and
Hawkins (1995) reported a chemical toxicity of iodine on the
native wetland microbe population at concentrations in
excess of 1.6 mmol/L in groundwater, which is well above
the concentrations used in our study (~30 fmol/L–90 μmol/L).
In addition, the radiotoxicity of 125I incorporated into DNA has
been reported in Escherichia coli and Bacteriophage T1 (Kirsch,
1972), as well as in mammalian cells (e.g. Bradley et al., 1975;
Chan et al., 1976; Kassis et al., 1989; Walicka et al., 2000, 2001).
For Chinese hamster V79 cells, a survival fraction of less than
0.5% was reported for cellular 125IUdR concentrations larger
than 0.4 pCi/cell (~15 mBq/cell). In our study, the highest 125I−
concentrations incorporated into the cells were found in
Paenibacillus V0-1-LW with an approximate concentration of
7 nBq/cell.
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Fig. 5 – (a) The isotherm of iodide uptake in Paenibacillus B6-7-W, (b) The Freundlich isotherm of iodide uptake on Paenibacillus
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Recently, we characterized the bacterial community in a
depth profile of the Lastensuo Bog by high throughput (HTP)
amplicon sequencing (Tsitko et al., 2014). A total of 40 different
bacterial phyla were detected (Tsitko et al., 2014), of which the
major phyla belonged to Acidobacteria, Proteobacteria, Chloroflexi,
Bacteroidetes, Verrucomicrobia, Planctomycetes and Spirochaeta.
Acidobacteria formed the major community in the peat layers,
but were not captured in pure cultures in our present study, as
was also the case for most of the other bacterial phyla in the
bog. In this study we isolated six bacterial strains belonging to
three phyla, the Actinobacteria, Firmicutes and Proteobacteria
(classes γ- and β) from the Lastensuo bog. Three of the obtained

isolates represented phylum Proteobacteria. These were
Burkholderia K5-6-SY, Pseudomonas PS-0-L, and Pseudomonas
T5-6-I. The isolates of Actinobacteria and Firmicutes were closely
related with Rhodococcus (B6-7-CB) and with genus Paenibacillus
(B6-7-W and V0-1-LW).
All isolated bacterial strains removed iodide from the
solution and highest Kd values were obtained for the
Gram-positive bacteria Paenibacillus V0-1-LW and B6-7-W and
Rhodococcus B6-7-CB isolated from the 0.5–1.0 m and bottom
clay layers. For these bacteria, the maximum Kd values were
270 L/kg, > 1,000,000 L/kg and 200 L/kg, respectively. For
Burkholderia K5-6-SY the maximum Kd value was 170 L/kg

Table 2 – Statistically significant differences in the iodine uptake between the different bacterial strains analysed by
ANOVA.
I

PS-O-L
T5-6-I
K5-6-SY
B6-7-CB
B6-7-W
V0-1-W

II

III

IV

F

Fcrit

p-Value

F

Fcrit

p-Value

F

Fcrit

p-Value

F

Fcrit

p-Value

1.9
15
3.5
5.7
13
20

4.1
4.1
4.1
4.1
4.1
4.1

0.21
0.001
0.07
0.02
0.002
0.0004

7.0
7.7
7.7
21
13
4.2

5.0
5.0
5.0
5.0
5.0
5.0

0.02
0.02
0.02
0.001
0.01
0.07

0.04
137
35
5.4
16
20

7.7
7.7
7.7
7.7
7.7
7.7

0.85
0.003
0.004
0.08
0.016
0.01

17
0.13
0.23
0.12
0.90
20

7.7
7.7
7.7
7.7
7.7
7.7

0.15
0.73
0.66
0.75
0.40
0.01

Strains are presented by their abbreviations.
I = difference between the bacterial strains when the iodine uptake measured from all media were combined.
II = difference in the uptake of iodine in peptone containing broths (medium C and D) compared to broths without peptone (media A and B), when
all bacterial isolates were combined.
III = difference in the uptake of iodine between broth containing yeast extract (medium B) compared to yeast extract + peptone broths (medium C
and D), when all bacterial isolates were combined.
IV = difference in the uptake of iodine between medium C and D, i.e., the effect of glucose, when all bacterial isolates were combined. The
underlined results are statistically significant at 0.05 level.
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and for Pseudomonas PS-0-L 230 L/kg. We estimated that the
proportion of iodide uptake by bacterial cells would account
for less than 0.1% of the total sorption of iodide in the surface
layer, approximately 0.2% in the subsurface, middle and
gyttja layers (0.5–6.0 m) and 0.3% in the clay layer (6.5–7.0 m)
of the bog. This is close to the proportion of iodine
accumulation in bacteria in the subsurface sediments of the
Savannah River Site reported by Li et al. (2011), where 0.2 to 2.0%
of the iodine associated with the sediments was accumulated
by bacteria.
The maximum uptake of iodide differed significantly in the
two Paenibacillus strains. For Paenibacillus B6-7-W the highest
iodide uptake of 270 L/kg was observed in 1% yeast extract.
Paenibacillus V0-1-LW showed particularly high uptake in 0.5%
peptone +0.25% yeast extract, with Kd over 1 000 000 L/kg. The
maximum uptake differed also between the two Pseudomonas
strains. Pseudomonas PS-0-L had 50% higher maximum uptake
than Pseudomonas T5-6-I. This is not surprising as the two
isolates also differed in the utilization patterns of different
substrates tested by the RapID system (Table 1).
The effect of glucose on iodide uptake was studied using
0.5% peptone + 0.25% yeast extract with (medium C) or
without (medium D) glucose addition. Glucose affected the
iodide uptake differently in different bacteria and the effect of
glucose addition was furthermore affected by the incubation
temperature. At lower incubation temperatures of 4°C and 2°C
glucose was observed to prevent or decrease iodide uptake.
However at 37°C glucose enhanced iodide uptake and the Kd
values increased by an average of 63% in all other bacteria
except Paenibacillus W0-1-LW and Paenibacillus B6-7-W as
glucose was added. As mentioned in Section 2.3 Amachi et al.
(2007) have suggested that iodide uptake and accumulation by
marine Flavobacteriaceae strain C-21 would involve the oxidation
of glucose to gluconate by membrane bound glucose oxidase
producing H2O2, which is further used in the oxidation of I− to I2
involving haloperoxidase. I2 is hydrolysed to HIO, which is
translocated into the cell through carrier-mediated facilitated
diffusion (Amachi et al., 2007). However, the cells of C-21 also
took up iodide in the absence of glucose and oxygen, if H2O2 was
present (Amachi et al., 2007). The bacteria isolated from
Lastensuo Bog all tested positive for catalase and were thus
able to decompose H2O2 to water and oxygen. However,
Paenibacillus W0-1-LW and B6-7-W behaved quite differently
from all the other bacteria in relation to glucose. In Paenibacillus
B6-7-W, glucose addition at 37°C did not affect iodide uptake
and in Paenibacillus W0-1-LW, particularly high iodide uptake
was observed in samples without glucose addition. This is quite
a different behaviour from that suggested by Amachi et al.
(2007) and it is thus possible that the uptake mechanism of
iodide found in Paenibacillus is very different from the one
suggested by Amachi et al. (2007).
The uptake of iodide by Gramm-positive bacterium
Paenibacillus B6-7-W could be well fitted with the Freundlich
adsorption isotherm, which is considered appropriate for
describing both multilayer sorption and sorption on heterogeneous surfaces (Ho et al., 2002). In general, low KF value
obtained from the Freundlich sorption model indicates low
sorption while higher KF values suggest larger sorption ability
(Oves et al., 2013). In our study, the KF value for iodide for
Paenibacillus B6-7-W was 6 × 10−6 mg kg− 1 L1/n and the value
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of 1/n was 0.82. There is only limited data available in the
literature dealing with iodine uptake in bacteria, but the
uptake of heavy metals by various bacteria has been studied
more comprehensively (e.g. Oves et al., 2013; Mullen et al.,
1989; Shuttleworth and Unz, 1993; Hussein et al., 2004). The KF
value for iodide found in our study was low, if compared with
the KF values reported for metal uptake by various bacteria.
The use of different units, however, makes it difficult to
compare the KF values of different studies (Chen et al., 1999).
This is because the KF values obtained from the Freundlich
equation are only comparable when their 1/n parameters
are the same and therefore KF values are not analogous to
distribution coefficients (Kd) (Chen et al., 1999). Chubar et al.
(2008) have reported high biosorption in the range of 8 to
10 mg/g DW for the anions fluoride and phosphate for
S. putrefaciens, but they also reported that most anion sorption
sites must first be activated by acid or base addition before
they can bind fluoride or phosphate. This suggests that the
negatively charged cell walls are protonated at a lower pH,
because the bacterial cell surfaces of both Gramm-positive
and Gramm-negative bacteria generally carry a net negative
charge, which would lead to electrostatic repulsion between
the cell wall and negatively charged anions. Chubar et al.
(2008) however added that although the addition of acid or
base seemed necessary for F− sorption, sorption of F− by viable
cells itself was independent of pH. In some bacteria, positive
charges on the cell walls are also found, for example in
Stenotrophomonas maltophilia, the positive charge probably
originates from proteins located in the outer membrane
(Jucker et al., 1996). In our study, the preconditioning of nutrient
broth A or B with 10–100 μL of 1 mol/L HCl did not enhance the
iodide uptake, which suggests that the acid addition inhibited
either the iodide uptake or growth in these bacteria.

4. Conclusions
The bacteria captured in pure cultures from the Lastensuo bog
belonged to the minority of the bacterial community in the
bog previously described by HTP sequencing. Even though the
isolated bacterial strains did not represent the major bacterial
population of Lastensuo bog, all were shown to remove iodine
from the solution to some extent. The highest uptake of 270 L/kg
and > 1000 000 L/kg were shown for the Gram-positive
Paenibacillus strains B6-7-W and V0-1-LW, respectively,
which are common soil dwelling bacteria. This indicates that
iodide uptake is a common trait for bacteria in the environment
and that bacteria are capable to influence the geochemical
behaviour of iodide. As our data does not support the uptake
mechanism using glucose or direct electrostatic adsorption on
positively charged cell walls, the actual mechanism and
location of the bacterially bound iodide in the isolated bacterial
strains examined in this study remain to be determined.
Micro-organisms were shown to strongly affect the sorption
behaviour of iodide in this boreal, nutrient-poor bog in our
previous study. It is possible that yet uncultivated bacterial
species as well as fungi are capable of much higher iodide
uptake than the bacteria captured in this study. Therefore
experiments to isolate fungi and yet uncultivated bacteria from
the bog are currently on-going in our laboratory.
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