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Abstract

Contamination by heavy metals and metalloids i®r@ogs environmental and health
concern. Acidic wastewaters are often associatdd teixic metals which may enter and
spread into agricultural soils. Several biologiaakays have been developed to detect toxic
metals; however, most of them can only detect toxatals in a neutral pH, not in an acidic
environment. In this study, an acidophilic iron-dixing bacterium (IOB) Strain Y10 was
isolated, characterized, and used to detect tori@ls toxicity in acidic water at pH 2.5. The
colorimetric acidophilic IOB biosensor was basedtba inhibition of the iron oxidizing
ability of strain Y10, an acidophilic iron-oxidizgnbacterium, by metals toxicity. Our results
showed that Strain Y10 is acidophilic iron-oxidigibacterium.Thiobacillus caldus medium
(TCM) (pH 2.5) supplied with both,8s* and glucose was the optimum growth medium for
Strain Y10. The optimum temperature and pH forgrevth of Strain Y10 was 45 °C and pH
2.5, respectively. Our study demonstrates thatther-based acidophilic IOB biosensor can
be semi-quantitatively observed by eye or quantght measured by spectrometer to detect
toxicity from multiple toxic metals at pH 2.5 withd5 min. Our study shows that monitoring
toxic metals in acidic water is possible by usihg acidophilic IOB biosensor. Our study thus
provides a novel approach for rapid and cost-affectletection of toxic metals in acidic
conditions that can otherwise compromise currerihots of chemical analysis. This method

also allows for increased efficiency when screeiamge numbers of environmental samples.

Keywords. acidic water; toxic metals; iron-oxidizing badgerbiosensor
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1. Introduction

Contamination by toxic elements such as heavy setall metalloids is a serious

environmental and health concern. Toxic metals sischrsenic, cadmium, lead, and mercury

can become highly accumulated in living organismd ¢ghreaten human health and the

environment in many countries (Jarup, 2003; Shatah., 2008).

Toxic metals may enter and spread into agricultsals through the processes of

discharging waste and effluent directly or indihgtd soil, irrigation with contaminated water,

application of inorganic fertilizer or pesticidentaining such elements, and rock weathering

(GimenoGarcia et al., 1996; Kashem and Singh, 188fdal and Suzuki, 2002; Sharma et

al., 2007). Toxic metals might subsequently trangfem agricultural soils into the human

diet by plant uptake or soil ingestion by grazingestock, which may increase the risk of

human exposure and cause a variety of human ds@dszholson et al., 2003; Thornton and

Abrahams, 1983). Therefore, a method for the eifitianalysis of toxic metals in the

environment is needed.

Chemical analyses such as atomic absorption spgeojy, inductively coupled

plasma-mass spectrometry or inductively coupledmaatomic emission spectrometry have

been commonly used to determine the presence af toetals in water. Although these

analytical methods are quantitative and sensithey are also time consuming and laborious,

making it difficult to screen large numbers of eonmental samples. In addition, chemical
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analysis alone for detecting toxic metals doespmovide enough information to assess the

environmental risk as it does not provide inforrmatabout the mobility, bioavailability, and

toxicity of the toxic metals present (Gonzalezlet2011; Shetty et al., 2003; Woutersen et al.,

2011). Hence, there is a growing need to developraironmental monitoring method which

can quickly and inexpensively detect toxic metats well as provide biological and

toxicological information in large numbers of emnmental samples.

In recent years, several biological methods havenbdeveloped to detect metals’

toxicity by observing the inhibition of biologicabr enzymatic activity (Durrieu and

Tran-Minh, 2002; Hassan et al.,, 2010; Ishaque gt28l06). Bacterial biosensors, which

combine the promoter/operator elements of a stresgonse gene with different reporter

genes, have also been established in several st{idlimng et al., 2015a; Huang et al., 2015b;

Lee and Gu, 2003; Li et al., 2008; Liao et al., 200iao et al., 2006; Min et al., 1999).

Recently, a sulfur-oxidizing bacterial (SOB) biosen has been used for detecting toxic

metals and other toxic chemicals in water (Hass$al.£2012; Van Ginkel et al., 2010; Van

Ginkel et al., 2011). However, these bacterial és®rs have some drawbacks or limitations.

Few bacterial biosensors were constructed based oalor-based signal, which offers a

simply colorimetric method for the detection of alstby the naked eye (Huang et al., 2015a).

In addition, many toxic metals are present in erely acidic industrial effluents (Sheoran et

al., 2012) and this limits the application of mbailogical assays, which can only be used to
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detect toxic metals at near-neutral pH values.Heunbore, concerns have been raised about

genetically modified organism-based biosensorsiet have detrimental effects if released

into the environment (Snow et al., 2005).

In this study we have developed a rapid and cdst#®fe color-based approach to

detecting toxic metals and assessing their toxigityacidic water by using an acidophilic

iron-oxidizing biosensor. The acidophilic iron-okathg bacterium (IOB) Y10 was isolated

and characterized from a geothermal soil. The @tidic iron-oxidizing biosensor was used

to detect the toxic metals arsenic, cadmium, mgrand lead in acidic water (pH 2.5), based

on the inhibition of the toxic metals on the iroxighzing ability of this bacterium.

2.Materials and methods

2.1. Isolation and cultivation of acidophilic bacteria from geothermal soil

A geothermal soil sample was taken from YangminsNational Park, Taiwan. The

region is known for its highly acidic soil due tbet effects of chemical weathering from

volcanic rocks and precipitation. The soil samplaswenriched with liquidThiobacillus

caldus medium (Hallberg and Lindstrom, 1994) (TCM) (pHb2(Supporting Information,

STable 1) at 37 °C. After two weeks, the cultureswarried with serial dilutions and spread

onto solid TCM medium plates. The plates were iateth under the same condition until

colonies were formed. Each single colony was c#yghicked up and spread onto solid TCM
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medium plates at least five times.

2.2. |dentification of acidophilic bacteria

Bacteria were identified based on the 16S rDNA metA single colony was used as

the DNA template for PCR. The universal primers

VLIAO-16S-F:5-GGAGCAAACAGGATTAGATACC-3'(forward) ad

VLIAO-16S-R:5-TGCCAACTCTATGGTGTGTGACG-3'(reverse) were used for

amplifying the 16S rDNA. The 2pL reaction mixture contained the single bacter@bny,

2.5 uL reaction buffer (1X), 2.5L dNTPs (200uM), 1 uL of each primer (0..uM), 0.25uL

Tag DNA polymerase (2.5 U), and 17.46 ddH,O. The PCR was conducted with the initial

denaturation at 94 °C for 5 min, 30 cycles of 94f6€0.5 min, 58 °C for 0.5 min, 72 °C for

0.5 min, and the final elongation of 72 °C for 7nmirhe 16S rDNA in PCR product was

purified using a BioMan kit (Taipei, Taiwan) andyjsenced. The 16S rDNA sequence was

compared with the Genbank database using the BLg®gram. Phylogenetic analysis was

conducted using the MEGA 6.06 program. Sequencdaingal were deposited in the

GenBank database with the accession number: KUIBf®tdacterial Strain Y10.

2.3. Characterization of bacterial Srain Y10

The growth curve of the bacterial Strain Y10 waaleated by inoculating the bacterium
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into liquid TCM medium at pH 2.5 (Supporting Infoation, STable 1). The culture was
incubated at 37 °C, 225 rpm. The optical densit§0&t nm (ORyg) was measured at different
time points over one week’s incubation (168 h).

To determine the optimal pH and temperature for $tmin Y10, the bacterium was
inoculated in TCM liquid medium. For pH assays, ith@ibated condition was carried out at
37 °C with different initial pH values of 1.5, 2, 2.8, or 3.5. For temperature assays, the
incubated condition was carried out at pH 2.5 Hiexdint temperatures of 30, 37, 45, or 50 °C.
ODesoo Was measured at each sampling time point and gemertime was calculated as
described in Hallberg and Lindstrom, 1994.

Different carbon and sulfur sources were used teradene whether the bacteria could
grow under different nutrient conditions. Liquid WCwithout solution C and D (pH 2.5)
(Supporting Information, STable 1) was used asdtovth medium. The carbon sources,
including glucose, glycerol, citric acid, glutamacid, and yeast extract; and sulfur sources,
such as sulfur, thiosulfate, and tetrathionate veelded both together or individually into the
medium. The culture was incubated at 37 °C, 225 éisiter several days’ incubation, Q§
was measured to determine the bacterial growth.

For ferrous oxidation assay, ferrozine assay isdelyw used method for detection of iron
(Stookey, 1970). This chemical forms a purple gok&ie by binding the ferrous ion, but not

the ferric ion (Stookey, 1970). The bacterial cdty(ODspp = 0.3) was harvested and
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centrifuged at 5,000 rpm. The cell pellet was rpsuged in Solution A of TCM (Supporting
Information, STable 1). 1 mM ferrous iron (Pewas added into the bacterial suspension and
incubated at 37 °C. The concentration of meas determined by the ferrozine assay every 15

min and ORgs Was measured.

2.4. Detection of toxic metals and assessment of toxicity in acidic water by using the
acidophilic 10B biosensor

We further evaluated the potential for this colaséd bacterial biosensor assay to detect
toxic metals and determine their toxicity in acidiater. This is based on the inhibition of iron
oxidizing activity in bacterial Strain Y10 by theemals' toxicity, with the inhibition of
iron-oxidizing activity monitored by ferrozine ags@hus, the toxicity of the metals in acidic
water can be semi-quantitatively observed by eye golntitatively measured by
spectrophotometer. Bacterial Strain Y10 @y 0.3) was harvested and centrifuged at 5,000
rom. The cell pellet was resuspended with solutrof TCM (pH 2.5) (Supporting
Information, STable 1). Then, 1 mM #and different levels (1x, 10x, 100x) of Taiwan EPA
effluent standard concentration of toxic metals S{AsCd*, H¢f*, P was added
individually or as a mixture into the bacterial gession and incubated at 37 °C. The Taiwan
EPA effluent standard concentration is 1x*A&00pug L™ Cd*, 30ug L' Hg™, 5pg L™

PK**, 1000pug L. The concentration of BEewas determined by the ferrozine assay every 15
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min, the ORys was measured and a digital camera was used toréwdata.

2.5. Data analysis

The results were presented as the mean + standaiatidn (SD). Statistically significant

differences compared to the control were considatpdc 0.05 by the Studemitest.

3. Results and discussion

3.1. Isolation and identification of the acidophilic bacteria

The bacterial strain designated Strain Y10 wasatedl from a geothermal soil from the

region known for its highly acidic characteristidge to the effects of chemical weathering

from volcanic rocks and precipitation. The morplyylaf the colony grown on TCM plates

was observed as round, raised, and having a regdige under the microscope. The 16S

rDNA sequence of bacterial Strain Y10 was depositedhe NCBI GenBank (accession

numbers:KU183497). BLASTN analysis of the 16S rDbguence of bacterial Strain Y10

showed that bacterial Isolated Y10 has 100% seguesimilarity to Acidibacillus

ferrooxidans strain YO010 (AY140235). Phylogenetic analysisdohen the 16S rDNA of

bacterial Strain Y10 summarized the relationship tleé bacterial species among the

sulfur-oxidizing or iron-oxidizing acidophile (Fig.).
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3.2. Characterization of bacterial Strain Y10

To characterize bacterial Strain Y10, the growttvepoptimum pH, temperature, carbon,
and sulfur utilization, and ferrous ion oxidaticgst were examined. For the growth curve,
after inoculating a single colony into TCM (pH 24nd incubated at 3C, bacterial Strain
Y10 culture reached the exponential phase at #8tér 72 h, the bacterial Strain Y10 culture
grew into the stationary phase (Fig. 2).

For temperature characterization, bacterial Stvélil was inoculated into TCM liquid
medium and the incubated condition was carriedabytH 2.5 with different temperatures at
30, 37, 45, or 50 °C. The results showed that battstrain Y10 had the shortest generation
time while growing at 45 °C (Fig. 3A). For pH chet@rization, the incubated condition was
carried out at 37 °C with different initial pH vaisiof 1.5, 2, 2.5, 3, or 3.5. The results showed
that bacterial Strain Y10 had the shortest ger@mrdtme when growing at pH 2.5 (Fig. 3B).
This suggests that the optimum temperature andgrHhie bacterial Strain Y10 in TCM
medium are 48C and pH 2.5, respectively, with a generation taheut 3.8 h (Fig. 3A).

Bacterial Strain Y10 only grew in the liquid TCM diem (without solution C and D)
(pH 2.5) with both glucose and tetrathionate orcghe and sulfur supplement (Table 1).
Bacterial growth did not occur in the medium withly either a carbon source (glucose,
glycerol, citric acid, glutamic acid, and yeastragt) or a sulfur source (sulfur, thiosulfate,

and tetrathionate) supplement (Table 1).

10
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Since BLASTN analysis of the 16S rDNA sequence a€térial Strain Y10 showed
100% sequence similarity #. ferrooxidans strain Y0010 (AY140235), we further examined
whether bacterial Strain Y10 is able to oxidizenirdhe results showed that bacterial Strain
Y10 was capable of oxidizing ferrous iron {Beto ferric iron (F&") (Fig. 4). A bacterial
culture of Strain Y10 (ORo= 0.3) was harvested and mixed with 1 mMFéfter adding
Fe* into the bacterial Strain Y10 suspension, the eotration of F& was observed to
gradually decline (Fig. 4). Moe than half of theFeas oxidized by the bacterial Strain Y10
at 30 min and P& was completely oxidized to Eat 120 min (Fig. 4).

Our results indicated that the bacterial Strain Yi$0an acidophilic as well as
mesothermophilic iron-oxidizing bacterium which cauarvive in both sulfur and glucose
supplied TCM medium (without solution C and D) (). OtherAcidithiobacillus bacteria,
for example,Acidithiobacillus caldus, Acidithiobacillus ferrivorans, and Acidithiobacillus
thiooxidans show similar characteristics of the phenotype totdraal Strain Y10, including
optimum temperature, pH, generation time, and fanci. caldus has the closest similarity
to bacterial Strain Y10 in optimum temperature (€3 (Hallberg and Lindstrom, 1994) (Fig.
3A). The optimum temperature féx. ferrivorans and A. ferrooxidans is lower than that of
bacterial Strain Y10 (approximate 30 °C) (Hallbetgal., 2010; Yang et al., 2008). Both of
these bacteria are mesophiles, but the major difftr betweerA. ferrivorans and A.

ferrooxidans in temperature is tha. ferrivorans is a psychrotolerent mesophile that could

11
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grow at a temperature lower than 5 °C (Hallbergl 2010).

Bacterial Strain Y10 shows an optimum at pH 2.5 doowth (Fig. 3B), which was
comparable with that oA. caldus, A. ferrivorans, andA. Thiooxidans (Hallberg et al., 2010;
Hallberg and Lindstrom, 1994; Yang et al., 2008y.d®mparison, under the optimal growth
conditions, the growth rate of bacterial Strain 2@ h) was similar to that & ferrivorans
(3.2 h);A. caldus has a growth rate ~2.8 h aAdferrooxidanshas the highest growth rate (6 h)
(Hallberg et al., 2010; Hallberg and Lindstrom, 499ang et al., 2008). Several studies have
used bacteria to conduct environmental applicatisnsh as bioleaching, biomonitoring, and
bioremediation (Pathak et al., 2009; Van Ginkeadlet2010; Zhou et al., 2007). Most of these
bacteria are acidophilic with similar phenotypes danction. However, the phylogenetic
analysis showed that bacterial Strain Y10 has 86ly 82% similarity toA. ferroxidans or A.

ferrivorans (Fig.1).

3.3. Detection of toxicity due to metals in acidic water by using the acidophilic 10B biosensor
Since bacterial Strain Y10 is capable of completelidizing 1 mM Fé&' to F€* at 120
min at pH 2.5 (Fig. 4), different levels (0x, 1X0x1 100x) of Taiwan EPA effluent standard
concentration of multiple toxic metals (Xs Cd*, Hg**, PF") were used to evaluate the
iron-oxidizing inhibition of bacterial Strain Y1 aH 2.5. Fig. 5 shows that without adding

toxic metals (0x), the initial purple color intetysiat 0 min) which represents 1 mM%e

12
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gradually declined along with the decrease df Eencentration as time increased, in which
the difference of purple color intensity could keadily distinguished by eye after 45-min
incubation, indicating that Eéwas gradually being oxidized to ¥elIn contrast, it was
observed that the Strain Y10 bacterial suspensimtaming multiple toxic metals (1x, 10x,
100x) showed deeper purple color than that of thetrol (Ox) after 45-min incubation
indicating lower rates of B&oxidation in the presence of toxic metals (Fig. |B)addition,
the purple color intensity shows a dose dependeraier in the presence of toxic metals
(Fig. 5). The results suggest that the toxic matatght interfere the iron-oxidizing ability of
the bacterial Strain Y10 in acidic water in a ddgependent fashion (Fig. 5).

We further quantitatively evaluated the inhibitioh the iron-oxidizing activity of the
bacterial Strain Y10 by toxic metals in acidic wata Fig. 5, the difference of purple color
intensity caused by different levels of the toxietads mixture could be readily distinguished
by eye after 45 min incubation. Thus, the conc¢iomaof F€* was determined by the
ferrozine assay at 45 min and @Pwas measured. Fig. 6 showed that'@ad PB*even
with 1x standard effluent concentration (Gd30 pg L™ PK*, 1000 ug L) had more
significantly inhibitory effects on the Feoxidation ability of bacterial Strain Y10. In coast,
As®* and Hg" significantly inhibited F&oxidation of bacterial Strain Y10 only at 100x
standard effluent concentration (Fig. 6). In theltiple toxic metals acidic water test, over

10x concentration of multiple toxic metals causadnificantly inhibitory effect on

13
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Fe?*oxidation of bacterial Strain Y10 (Fig. 6).

Several toxicity biosensors have been previousheldped to detect toxic metals by
inhibiting biological activity. Ishaque et al. (2)0reported that toxic metals can be detected
by the Microtox assay. Using the Microtox assag HGo (concentration affecting 50%
reduction of bioluminescence) was*As768ug L™, Cf*: 508ug L, Hg'": 109ug LY, PE*":
455ug L, respectively (Ishaque et al., 2006). In the rplétioxic metals environment, the
ECsowas reduced to A& 49 ug L*, Cof*: 25 ug L™, HE: 10 ug L*, PB*: 455 g L™
suggesting that the toxicity of multiple toxic mistas greater than a single toxic metal
(Ishaque et al., 2006). Although the methods amteotration of toxic metals are different,
Fig. 6 shows that Bband Cd" inhibited iron oxidation more significantly thahet multiple
toxic metals, which is slightly different to thendlings of Ishaque et al., 2006. A
sulfur-oxidizing bacterial (SOB) biosensor has beaead to detect toxic metals based on the
inhibition of SOB by toxic metals or other toxiceshicals in water (Hassan et al., 2012; Van
Ginkel et al., 2010; Van Ginkel et al., 2011), hoee the studies did not use single isolated
sulfur-oxidizing bacteria but used a mixed -cultucd Dbacterial species, without
characterization of the bacteria. This might linfitture application using the SOB.
Particularly, many toxic metals are hosted by erély acidic industrial effluents (Sheoran et
al., 2012). Thus, most biosensors that can onlydeel to detect toxic metals at neutral pH are

not applicable for detecting toxic metals in extedyracidic water.
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4. Conclusions

In this study, an iron-oxidizing acidophilic baggerStrain Y10, has been isolated and
characterized. Based on the inhibition of iron-mitly activity, this color-based biosensor
assay using IOB strain Y10 can be semi-quantittiodserved by eye or quantitatively
measured by spectrometer to detect the toxicityoifiple toxic metals at pH 2.5 in 45 min.
We have shown that toxicity due to metals in acidiater can be monitored using the
iron-oxidizing acidophilic bacterial Strain Y10. Ostudy thus provides a novel approach for
rapidly and cost-effectively detecting metal-basexicity in acidic water that can not only
superseded current chemical analysis methods Iwevof its greater specificity, but also

increase the efficiency of screening large numbéesvironmental samples.
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376 Tablel

377 Carbon and sulfur sources utilization by bacteshiny10.

Carbon source? Growth ° Sulfur source”® Growth °
Glucose - 8 -
Glucose + $ +++ 9+ glucose ++
Citric acid - 203 -

Citric acid + Q0 - S03+ glucose -
Glycerol - S0 -
Glycerol + S0¢ - S0+ glucose +++

Glutamic acid -

Glutamic acid + s -

Yeast extract -

Yeast extract + ¢ -

378 ?2Carbon source concentration: 2.5 mM; yeast extractentration: 0.01%.

379  °Sulfur source concentration: 2.5 mM: @ncentration: 1Qg L™.

380 “ODggo< 0.05, no growth was observed; = 0.05 - 0.09 (+); OEyo= 0.1 - 0.3 (++);
381 ODggo> 0.3 (+++).

382

383
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385 FigureLegends

386 Fig. 1. Phylogenetic analysis of Strain Y10 based on its 16S r DNA gene sequence.

387 The neighbor-joining tree showing the phylogenetiationships between the bacterial
388 Strain Y10 (*) and other acidophilic species froranBank.

389

390 Fig. 2. Growth curve of bacterial Strain Y 10.

391 Bacterial Strain Y10 was inoculated into TCM medi(phi 2.5) and incubated at 37 °C.
392 ODgpo was determined after a period of incubation tilData are presented as the mean *
393 standard deviation. Error bars represent the stdrefeor of three independent experiments.
394

395 Fig. 3. Effectsof (A) pH and (B) temperature on the growth rate of bacterial Strain Y 10.

396 The bacterial Strain Y10 was inoculated in TCM idgmedium. (A). For pH assays, the
397 incubated condition was carried out at 37 °C wiffecknt initial pH at 1.5, 2, 2.5, 3, or 3.5.
398 (B). For temperature assays, the incubated condtias carried out at pH 2.5 with different
399 temperature at 30, 37, 45, or 8D The ORy was measured at each period of time and the
400 generation time was calculated. Data are presemdethe mean value of two independent
401 experiments.

402

403 Fig. 4. Ferrous oxidation test for bacterial StrainY 10.
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405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

A bacterial culture of Strain Y10 (Q = 0.3) was harvested, the cell pellet was
re-suspended by the solution A of TCM (pH 2.5) dref® (1 mM) was added. The
concentration of F& was determined by the ferrozine assay at diffetiere points. Data are
presented as the mean + standard deviation. Eaisr fiepresent the standard error of three

independent experiments.

Fig. 5. Color-based acidophilic OB biosensor by the inhibition of ferrous oxidation of
bacterial Strain Y 10.

A bacterial culture of Strain Y10 (Q&= 0.3) was harvested and the cell pellet was
re-suspended by the solution A of TCM (pH 2.5)ffis, Fé"(1 mM) and different levels (0x,
1x, 10x, 100x) of Taiwan EPA effluent standard aantcation of multiple toxic metals (As
cd*, Hg", PE") was added into the bacterial suspension andvwthisincubated at 37 °C.
Taiwan EPA effluent standard 1x: £s500ug L™ Cd®*, 30ug L™ Hg?", 5pg L™ PE*, 1000
ug L. The ferrozine assay was used to determine thiecBacentration every 15 min and the

digital camera was used to record the data.

Fig. 6. Quantitative detection of the toxicity of toxic metals by the inhibition of ferrous
oxidation of acidophilic 10OB biosensor.

Bacterial culture of Strain Y10 (Qk = 0.3) was harvested and cell pellet was
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424

425

426

427

428

429

430

431

432

re-suspended by the solution A of TCM (pH 2.5)*K& mM) and different levels (0x, 1x,
10x, 100x) of Taiwan EPA effluent standard concatitn of toxic metals (A8, Cdf*, Hg*",
PK*") was added individually or mixture into the baitksuspension and incubated at 37 °C.
The concentration of Eéwas determined by the ferrozine assay at 45 mihQ@Dsgs was
measured. Data are presented as the mean + stadelaation. Error bars represent the
standard error of three independent experimendsisgtally significant differences compared
to the control (Ox) were consideredpak 0.05 by the Studerttest.p < 0.05 (*),p < 0.01

(**), p<0.001 (***), ns, not significant.
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440

Fig. 1

9 |Acidibaci11usfermaxidansst1'ainY0010 (AY140235)

| Stran Y10 (KU183497)

—— Alicyclobacillus sp. BGR T3(GU167996)
Acidithiobacillus ferrooxidans strain D2(AJ278723)
54 | Acidithiobacillus ferrooxidans strain CC1(AJ457804)
Acidithiobacillus ferrooxidans strain CK(KJ944318)

n
[| Acidithiobacillus ferrooxidans strain ATCC33020(AJ278719)

~ Acidithiobacillus ferrooxidans strain ATCC19859(AJ457808)
Acidithiobacillus ferrivorans strain ACH(KY679874)

Acidithiobacillusferrivoransstrain NO-3T(NR_114620)

89 \Acidithiobacillus ferrivorans strain OP14(EU839491)

0 | | fcidithiobacillus ferrivorans strain Pern6(EUS39490)

Acidithiobacillus caldus strain ATCC 51756(CP005986)

Acidithiobacillus caldus strain SM-1(CP002573)
16
Acidithiobacillus caldus strain OL12-3(KF356025)
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455 Fig.5
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Highlights

A novel approach for rapidly and cost-effectively detecting toxicity of toxic
metalsin acidic water was devel oped.

An acidophilic iron-oxidizing bacterium Strain Y 10 was isolated and
characterized.

The acidophilic 10B biosensor was used to detect toxicity of toxic metalsin
acidic water at pH 2.5.

The colorimetric acidophilic IOB biosensor was devel oped.



