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Abstract

Arsenic contamination in soils causes poisoning in food and finally affects the food chain. Bioremediation by
microorganisms is an environmentally friendly method that offers the possibility of detoxifying soil contaminated
by arsenic. The present study aimed at isolating and screening bacteria which possess resistance to arsenic from
contaminated highland soils. Among 40 isolates obtained, only nine isolates (22.5%) could tolerate a high level
of arsenic with the highest MIC of 40 mM. Only four isolates (BAs8, BAs11, BAs19 and BAs29) exhibited
promising resistant ability and were selected for further investigations. The selected isolates showed a high
potential to solubilize insoluble Ca-phosphate (5.95 to 100.04 mg P L), and a moderate potential to produce IAA
(9.36 t0 20.32 mg IAA L1). The ability of each isolate to solubilize Ca-phosphate was increased 2 to 6 times when
exposed to an arsenite environment. Arsenic-sensitive isolate, BAs7 showed the highest ability to solubilize Ca-
phosphate in medium without and with arsenite (55.56 and 100.04 mg L, respectively). The results implied that
the increment of phosphate solubilization is an important mechanism to exclude arsenic uptake thus less toxicity.
The similar results were found with IAA production and might also be another mechanism of bacteria to cope
with arsenic toxicity. Our results seemed to be the first report on this clear phenomenon. Isolates BAs29 and
BAs11 exhibited high arsenic resistance and established vigorous root growth and dense root hairs of Chinese
kale seedlings thus can be used for bioremediation and seedlings growth enhancement.
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1. Introduction

Arsenic (As) is a common metalloid and well-known human carcinogen that can harm not only people's health
but plants and microorganisms as well. Ongoing applications of arsenical pesticides and chemical fertilizers in
Northern Thailand’s agricultural highlands have increased the As content of soils and stream sediments. Various
farming practices, e.g. the use of animal manures, phosphate fertilizers and As containing agrochemicals may
increase As contamination in agricultural soils [1]. The concentration of As in cultivated soils of highland areas
of northern Thailand greatly exceed the national environment standard (3.9 mg kg) [2]. In these contaminated
areas, the extremely high input of agrochemicals is a common practice in farms and seemed to be a primary source
of the high As contamination. High As levels in the topsoil, particularly in the root zone, is likely to result in
increased concentration in plant and food grains and thus pose a greater risk to human health. Inorganic arsenic
has been classified as a class 1 carcinogen by the International Agency for Research on Cancer. It is responsible
for bladder, kidney, liver, lung, and skin cancers and is listed as a Class A human carcinogen by the USEPA [3].
Arsenic in the environment comes from natural and anthropogenic sources. Naturally occurring As in the
continental crust is present at an average concentration of 1.5 to 5 mg kg™ [4 & 5]. However, As concentrations
in soils with human activities vary widely among different locations. In European topsoil, As concentration is
estimated at the average of 7.0 mg kg [6]. The assumptions of soil As concentration in areas under unrestricted
use (e.g., residential) by the USEPA Regional Screening Level (RSL) is 0.39 mg kg [7]. This guidance by
USEPA is based on a target cancer risk of 1E-06, toxicological guidance values and standard assumptions for
exposure assessment and risk assessment.

In the natural environment, the pentavalent arsenate (As(V)) and trivalent arsenite (As(lll)) are the most
common oxidation states of As [5]. Trivalent arsenic (arsenite) is generally more toxicologically potent than
pentavalent arsenic (arsenate) because arsenite can form strong bonds with functional groups such as the thiolates
of cysteine residues and the imidazolium nitrogen of histidine residues, of cellular proteins, and thus the bindings
inactivated many cellular proteins including enzymes [8]. Various microorganisms including bacteria have
evolved many mechanisms to cope with arsenic exposure [2 & 9] thus arsenic-resistant bacteria seemed to have a
vital role in the transformation of As, movement of As in soils and the availability of As to plants.

Soil microorganisms play a critical role in As mobility and availability to the plant through various
mechanisms, e.g. release of chelating agents, acidification and phosphate solubilization [10 &11]. Several
investigations have shown that microorganisms not only affect the mobility and availability of heavy metals but
also exhibit plant growth promoting abilities such as producing phytohormone and solubilizing phosphorus and
other nutrients [12 & 13]. For these reasons, mechanisms involved in microbial detoxification of arsenic and heavy
metals have recently received more attention. In the context of increasing international concern for food and
environmental quality, the use of arsenic-resistant bacteria which are also cable of plant growth promotion is of
interest.

Accordingly, this paper describes the isolation of bacteria from contaminated highland soils, the screening of
bacterial isolates which possess tolerance to various concentrations of As (I11) and the evaluation of the minimal
inhibitory concentration (MIC) of each bacterial isolate. The high tolerant bacterial isolates were also evaluated
for their ability in plant growth promotion, i.e. phosphate solubilization, indole acetic acid (IAA) production, and
seed germination enhancement. The promising isolates may be employed as potential bio-inoculants for
detoxifying As and improving the growth of plants in As contaminated soils.

2. Materials and Methods

In this study, soil samples contaminated with arsenic (As) were collected from highland soils of northern
Thailand. The content of As in soil samples was determined using the mixture of acids. Arsenic-resistant bacteria
were isolated and screened for high promising isolates. The high promising isolates were further investigated for
plant growth promoting abilities, i.e. phosphate solubilization and indole-3-acetic acid production. Selected
isolates were also tested for seedlings growth enhancement.

2.1 Soil sampling and arsenic concentration analysis

Rhizosphere-soil (0 to 20 cm) were collected from seven cultivated soil contaminated with As. The areas were
located in highland parts of Chiang Mai Province, northern Thailand (17°30' to 19.5°30" N and 97.7°30'to 99.3°30'
E). The soil samples were collected in polyethene bags and kept at 4°C until analysis.

All the samples were analyzed for As content at the Central Laboratory (Thailand) Co. Ltd. In brief, the soil
samples were air dried, mixed thoroughly and digested by nitric acid (HNOz)/ hydrofluoric acid (HF) for 15 min
using microwave heating with a suitable microwave system, according to EPA Method 3052. The samples were
analyzed by Perkin Elmer Optima 4300 DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
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OES, USA). The pH (H20) of the samples was also determined according to the standard method [14] using pH
meter (PHI 34 BECKMAN, USA).

2.2 Isolation and screening of arsenic-resistant bacteria

A serial dilution (10 to 10-%) and plate count technique was used to isolate bacteria from all the soil samples.
An aliquot (0.1 mL) of the soil suspension (10 to 10-°) of each soil sample was spread on nutrient agar (NA)
(HIMEDIA: REF 002) plate (pH 6.5). Colonies which grown on the medium were purified and suspended in 25%
glycerol solution (final concentration) for preservation. All isolates preserved in this solution were maintained at
-20°C until use.

In the present study, we focused on bacterial isolation from soils of highland areas which are acidic [2] and
with pH values usually below 5.0. Soil pH markedly affects the availability of highly toxic AI®* ion in soil and the
toxic of Al is predominant below a pH of 4.8. Screening of acid tolerant bacterial isolates using low pH medium
supplemented with 50 uM Al have shown that, on the average, very little or no growth was obtained below pH
4.5 and there were differences in bacterial growth between the media at pH 4.5 and pH 4.7 [15-17]. Therefore, in
this study, for the first screening, we decided to screen As-resistant bacteria using NA medium supplemented with
50 uM Al at pH 4.5 and pH 4.7. The medium, pH 7.0 was also used for comparison.

For the first screening, the pure bacterial isolates were used to evaluate their resistance under high
concentration of As. The culture broth of each isolate was dropped on NA plate containing 50 pM aluminium (Al)
and various concentrations of sodium arsenite ((NaAsOz: Na-As (1)), i.e. 0, 5, 10, 20 and 40 mM. The initial pH
of the medium was adjusted to 4.5, 4.7 and 7.0.

The tolerant isolates were selected for the second screening. In the 2™ screening, the concentration of As was
adjusted close to the analyzed level found in the soil. Culture solution (0.01 mL) of each isolate was dropped on
NA plate containing 50 M Al and various levels of Na-As (111); 0, 10, 15, 25, 50, 100, 250 and 650 mg L (which
equal to 0, 0.08, 0.12, 0.19, 0.38, 0.77, 1.9 and 5.0 mM, respectively). The pH of the media was adjusted to 4.5
and 4.7. Growth observation (the presence or absence of visible growth detected by colony forming on agar plate)
was made after seven days of incubation. The minimal inhibitory concentration (MIC) of each bacterial isolate
was also determined.

2.3 Phosphates solubilization

High tolerant isolates from the second screening were selected and evaluated for their potential in phosphate
solubilization in Pikovskaya’s broth medium [18]. The culture broth (0.5 mL) of arsenic-resistant bacteria was
inoculated into 50 mL of Pikovskaya’s broth (pH 7.0) containing Al (50 uM) and Na-As (111) (15 mg L). After
five days of incubation, the cultures were centrifuged at 5,000 rpm for 15 minutes. One mL of supernatant was
mixed with four mL of color reagent (1:1:1:2 ratio of 6N H2SO4, 2.5% ammonium molybdate, 10% ascorbic acid
and distilled water). This was then incubated at room temperature in the dark for 30 minutes and observed by
measuring optical density at 820 nm using a spectrophotometer (Thermo Scientific, mod. GENESYS 20, USA).

2.4 Indole-3-acetic acid (1AA) production by arsenic-resistant bacteria

The same set of isolates, selected for phosphate solubilizing evaluation was tested for their ability in IAA
production. 1AA produced by each isolate was quantified by Salkowski method [19]. The culture broth of each
isolate (0.50 mL) was inoculated into 50 mL of NB containing tryptophan (0.1 g L), Al (50 uM) and Na-As (l11)
(15 mg L. The medium pH was adjusted to 7.0. All the isolates were incubated at room temperature for five
days. The cultures were centrifuged at 5,000 rpm for 15 minutes. One mL of supernatant was mixed with two mL
of Salkowski’s reagent [19], incubated at room temperature in the dark for 30 minutes. The quantity of IAA was
measured by a spectrophotometer (Thermo Scientific, mod. GENESYS 20, USA) at 530 nm.

2.5 Seed germination test

Chinese kale is a popular leafy vegetable among Thai consumers and is widely grown in highland areas of
northern Thailand. Therefore, it was selected in this study. The Chinese Kale seeds were surface-sterilized by 3%
NaClO and shake several times in sterile distilled water. The sterile-seeds (10 seeds per plate) were placed on
sterile filter paper in Petri dishes. The bacterial suspension was diluted 50 times with sterile water (1:49; bacterial
suspension:sterile water) and then two mL of each isolate, the medium broth and sterile distilled water (control),
were added separately to the filter paper. There were three replicates for each treatment. All the plates were placed
in the incubator for three days, and the temperature was maintained at 30°C. Seed germination and root length of
Chinese Kale were measured after incubation.



2.6 Statistical Analysis

The data were subjected to analysis of variance using statistical program Statistix7 (SXW). The differences
among various treatment means were analyzed by one-way analysis of variance (ANOVA) to determine if they
were different from one another. Differences between means were tested by LSD at a significance level of P <
0.05.

3. Results
3.1 Soil analysis and bacterial isolation

The pH values of the soils varied from location to location. The surface soil pH value of the area was low
(Table 1) and ranged from very strongly acidic to slightly acidic. The soil pH of Maehae, Angkhang and Vavee
was 5.09, 4.80 and 4.67, respectively and could be classified as very strongly acidic [20]. In contrast, the soil pH
of Pangda Tungroeng and Sobkhong was slightly acidic. All the soil samples contained higher arsenic level than
the standard background level (3.9 mg kg™) [21]. The soils from Tungroeng and Vavee contained around ten times
higher As (39.48 and 30.52 mg kg™, respectively) than the standard level (Table 1). The rest of the soils samples
also contained a high level of As with values ranging from 5.45 to 16.06 mg kg*. Although all the soil samples
contained quite a high level of As, resistant bacterial isolates (47 isolates) (Table 1) could be obtained. The largest
number of resistant bacterial isolates was obtained from Angkhang soil (10 isolates; 21.27% of the total isolates).
There seemed to be no relationship between As concentration in soils and number of resistant bacterial isolates.
Although 47 bacterial isolates were obtained, only 40 isolates were kept and used for further investigations
because seven isolates were contaminated and died during preservation.

Table 1 Arsenic concentrations and bacterial isolates obtained from arsenic contaminated soil.
Total Arsenic

1 [
Location Coordinates AMSL pH conc. NO' of A’ of total
(m) (mg kg isolates isolates
17°43'32 N,
Prabathhuaytom 98°57'14 E 528 5.63 5.61 6 12.76
18°51'20 N,
Pangda 98°45'38 E 620 6.45 8.83 5 10.63
Tungroeng égoiggg E 847 6.62 39.48 7 14.89
18°47' 31N,
Maehae 98°32'14 E 1178 5.09 545 8 17.02
Angkhang 33232?1 ’EI 1468 480 6.66 10 21.27
19°45'54 N,
Vavee 99 5°33'96 E 1597 4.67 30.52 5 10.63
17°39' 49N,
Sobkhong 98°11'57 E 1765 6.39 16.06 6 12.76
Total 47 (100%)

'Height above mean sea level
2The standard background level for arsenic in soil is set at 3.9 mg kg, National Environment Board
No0.8, (1994)

3.2 Arsenic resistance and minimum inhibitory concentration of bacterial isolates

The arsenic tolerant ability of all the isolates (40 isolates) was evaluated. All the isolates could grow well
under pH 5.0, 6.0 and 7.0 when Na-As (l11) was not added to the medium (data not shown). However, when the
medium was supplemented with Na-As (111) most of the isolates could not tolerate high concentration of arsenic
at pH 4.5 and 4.7 (Table 2). Only nine isolates (isolate BAs7, BAs8, BAs11l, BAs19, BAs20, BAs22, BAs29,
BAs30 and BAs36) showed fair or healthy growth at an arsenic concentration of 0, 5, 10 and 20 mM. No isolates
could grow on the medium at 40 mM Na-As (I11) (data not shown).

The minimum inhibitory concentration (MIC) of arsenite against bacteria isolated from contaminated soils of
highland areas was evaluated. The MIC was defined as the lowest concentration that completely inhibited bacterial
growth [22]. It was observed that most of the isolates had low MIC (<5 to 5 mM arsenite) regardless of the pH
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value (Table 2). At pH 4.5 and 4.7, the highest MIC was observed in BAs20, BAs29 and BAs30 (MIC 40 mM
arsenite). When the pH was raised to 7.0, these three isolates still had the MIC of 40 mM arsenite, and only a few
more isolates could tolerate to this concentration of As (BAs7, BAs8, BAs19, BAs22, BAs27 and BAs36) (Table
2).

The number of arsenic-resistant isolates at 10 and 20 mM arsenite under pH 4.5 and 4.7 were the same (four
and three isolates which equal to 10 and 7.5% of the total isolates (40 isolates), respectively) (Figure 1). At these
two As concentrations under neutral pH (7.0), the number of resistant isolates was more than double increased
(10 (25%) and 8 (20%) isolates, respectively). Thus, an increase in Na-Aslll concentration resulted in a lower
resistance of As.

Table 2 Minimum inhibitory concentration (MIC) of arsenic-resistant bacteria under different of NaAsO, and pH
levels in nutrient agar containing 50 uM Al.

. MIC of

Z(L%S%B'iglates isolates

Bacterial NaAsO at Bacterial le;lxapﬁigd taot
acterial i 2
Isolates Areas gosmijl) 20 and Isolates Areas 0,5, 10, 20
and 40 mM

pH pH pH pH pH pH

45 47 70 45 47 7.0
BAs 1 NG NG NG BAs 21 Tungroeng 5 10 5
BAs 2 Vavee 5 5 5 BAs 22 5 10 40
BAs 3 5 5 5 BAs 23 10 5 10
BAs 4 5 5 10 BAs 24 Prabathhuaytom 5 5 5
BAs 5 10 10 10 BAs 25 5 5 5
BAs 6 Pangda 10 10 10 BAs 26 5 5 5
BAs 7 10 10 20 BAs 27 10 5 10
BAs 8 Sobkhong 10 10 40 BAs 28 5 5 5
BAs 9 5 5 5 BAs 29 40 40 40
BAs 10 NG NG NG BAs 30 40 40 40
BAs 11 10 10 40 BAs 31 5 5 5
BAs 12 Maehae NG NG NG BAs 32 Angkhang 5 5 5
BAs 13 5 5 5 BAs 33 5 5 5
BAs 14 10 10 10 BAs 34 5 5 5
BAs 15 10 10 10 BAs 35 5 5 5
BAs 16 NG NG NG BAs 36 20 20 40
BAs 17 Tungroeng 5 5 5 BAs 37 5 5 5
BAs 18 5 5 5 BAs 38 Machae 5 5 5
BAs 19 10 10 40 BAs 39 5 5 5
BAs 20 40 40 40 BAs 40 5 10 5




I10mM #5mM :10mM - 20mM

36 (90%) 36 (90%) 36 (90%)
A e A

16 (40%)

15 (37.5%) 16 (10%)

| 10 (25%)
4 (10%) 4 (10%0) ; 8 _(20%)

~3(7.5%)

5

Number of arsenic tolerant isolate

pH 4.5 pH 4.7 pH 7
pH of the medium

Figure 1 Number and the percentage (% of total isolate) of arsenic-resistant bacteria under different levels of
NaAsO; and pH.

After the 1%t screening, nine isolates (isolate BAs7, BAs8, BAs11, BAs19, BAs20, BAs22, BAs29, BAs30 and
BAs36) were selected for the 2™ screening in another set of NaAsQy, i.e. 0, 10, 15, 25, 50, 100, 250 and 650 mg
L. Our results indicated that without As addition, healthy growth of all isolates was obtained at all pH levels (0
mg L) (data not shown). The highest MIC at pH 4.5 was achieved with isolate BAs8, BAs11, BAs19 and BAs29
(250 mg L) while only isolate BAs11 exhibited the highest MIC at pH 4.7 (650 mg L-!) (Table 3). AtpH5.5
and 6.0, isolates BAs8, BAs11, BAs19, BAs22 and BAs29 showed the same highest MIC of >650 mg L. Among
all the screened isolates, BAs7 seemed to be sensitive to Aslll at all pH levels. Its MIC was ranged from <10 to
15 mg L. From the results of the 2" screening, sensitive isolate, medium and high tolerant isolates, i.e. isolate
BAs7, BAs8, BAs1l, BAs19 and BAs 29, were selected for further investigations.

Table 3 The minimum inhibitory concentration (MIC) of NaAsO, against selected isolates.
MIC of isolates exposed to NaAsO, at

iif;fg'sa' 0, 10, 15, 25, 50, 100, 250 and 650 mg L

oH 45 oH 4.7 OH 5.5 OH 6
BAs 7 15 25 25 25
BAs 8 250 250 >650 >650
BAs 11 250 650 >650 >650
BAS10 250 250 >650 >650
BAS20 15 25 250 650
BAs22 15 250 >650 >650
BAS29 250 250 >650 >650
BAs30 15 15 100 250
BAs36 50 100 250 650

3.3 Phosphate solubilizing ability

Five selected isolates were evaluated for their phosphate (P) solubilizing ability in Pikovskaya’s broth medium
(PKVb) and PKVb plus Na-As (I11) (15 mg L) and Al (50 uM) (PKVbp). All the selected five arsenic-resistant
isolates showed a certain ability to solubilize P in both PKVb and PKVbp. It was interesting to note that all the
isolates solubilized more P under stress conditions in PKVbp. Isolate BAs7 showed the highest ability to solubilize
P and released about twice the amount of solubilized P (100.04 mg L) in PKVbp greater than that in PKVb
(55.56 mg L) (Table 4). The same phenomenon was observed in the rest of the isolates. Isolates BAs11 and
BAs19 solubilized around 3 to 4.5 times of P in PKVbp (27.27 and 32.80 mg L, respectively) higher than those
in PKVB (5.95 and 10.66 mg L1, respectively. The pH of both PKVb and PKVbp was decreased by all the selected
isolates when compared to the control treatment. The pH of PKVb and PKVbp inoculated with BAs7 was lowest
(4.53 and 4.54, respectively) (Table 4).



Table 4 Phosphate solubilizing ability of arsenic-resistant bacteria.

Pikovskaya’s broth

Pikovskaya’s broth supplemented

with Na-As (I11) and Al

Treatment  — - Solubilized P pH Solubilized P
(mg LY (mg LM

Control 5.62 - 5.70 -

BAs7 453 5556+ 4.80a 454 100.04 + 8.35a
BAsS 4.98 1312 282c 477 2132 + 4.78d
BAsIL 479 595 +1550 476 2727 + 5.25¢d
BAs1O 505 10.66 + 3.74cd_ 4.95 32.80 + 3.08¢
BAs29 500 37.03+497b 485 48.79 + 2.46b

Values are means of three replications + SE
Means with the same letter are not significantly different (P< 0.05)

3.4 Indole-3-acetic acid (1AA) producing ability

All the isolates showed ability in IAA production ( Table 5) .

The highest IAA producing isolate

(20.32 mg L) was obtained from BAs19 in NB medium supplemented Na-As (I11) and Al, followed by BAs29
(12.65 mg L), BAs7 (12.49 mg L), BAs8 (12.39 mg L) and BAs11 (9.86 mg L1). In the NA medium, BAs11
performed highest IAA production (18.41 mg L), followed by isolate 7 (10.22 mg L-Y), isolate 8 (9.53 mg LY),
isolate 19 (9.12 mg L) and isolate 29 (9.06 mg L1). All isolates increased the pH of the medium.

Table 5 Indole 3-acetic acid (IAA) produced by arsenic-resistant bacteria

Nutrient Broth

Nutrient broth supplemented with

Treatment Na-As (l11) and 50 uM Al

pH IAA (mg L) pH IAA (mg L)
Control 7.0 - 7.0 -
BAs7 8.50 10.22 + 1.61b 8.09 12.49 = 0.36b
BAsS 8.43 9.53 £ 0.26b 8.08 12.39+1.12b
BAs11 8.34 18.41 + 1.05a 7.98 9.86 £ 0.07c
BAs19 8.46 9.12+0.13b 8.14 20.32 + 1.32a
BAs29 8.46 9.06 + 0.02b 8.01 12.65+ 0.47b

Values are means of three replications + SE

Means with the same letter are not significantly different (P< 0.05)

3.5 Seedlings growth enhancement by arsenic-resistant isolates

The five selected isolates were tested for their effects on Chinese Kale seed germination and root growth. The
control without bacterial inoculation gave 80% seed germination while the inoculation of arsenic resistance
bacterial isolates could enhance the seed germination by up to 86.67 to 96.67% (Table 6). Isolate BAs29 exhibited
the highest percentage of seed germination (96.67%). Therefore, inoculation of arsenic resistance bacterial isolates

increased the seed germination by 6.67 to 16.67% over the control.

All the arsenic-resistant isolates increased the root length of the seeds compared to the control except for BAs8
(Table 6, Figure. 2). The highest root length was found with BAs7 (1.98 cm).

Table 6 Effects of arsenic-resistant isolates on seed germination and root length of Chinese Kale.

oD

Diluted culture solution (1:50)

Treatment (600 nm) pH Seed germination (%) Root length (cm)
Control 0 6.91 80.00 1.55+0.35
BAs7 0.963 8.66 93.33 1.98 + 0.37
BAs8 0.932 8.72 86.67 1.45+0.15
BAs11 0.613 7.56 90.00 1.74 +0.26
BAs19 1.214 8.72 86.67 1.85+0.29
BAs29 0.910 8.74 96.67 1.72+0.39

Values are means of three replications + SE

Means are not significantly different (P< 0.05)



Control BAs7 BAs8

BAsl1 BAs19 BAs29

Figure 2 Effect of arsenic-resistant bacterial inoculation; BAs7, BAs8, BAs11, BAs19 and BAs29, on Chinese
kale root growth promotion.

Among four arsenic-resistant isolates (BAs8, BAs11, BAs19 and BAs29), BAs8 gave the lowest phosphate
solubilizing ability and root growth promotion while BAs29 gave the highest phosphate solubilizing ability and
the similar root length (1.72 cm) to those of BAs11 and BAs19 (1.74 and 1.85 cm, respectively (Figure. 3). The
arsenic- sensitive isolate, BAs7, gave the highest phosphate solubilizing activity and root length promotion
although this isolate did not show high 1AA production ( Figure. 3 & 4). However, on the average (30
seedlings/treatment), it was observed that BAs29 gave the highest seed germination (Table 6), the greatest root
vigor and dense root hairs compared with BAs7, BAs8 and BAs19. It was also observed that BAs11 also gave
vigorous root growth and long and dense root hairs similar to BAs29 (data not shown).
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Figure 3 Relationship between phosphate solubilizing ability and Chinese kale root growth promotion of arsenic-
resistant bacteria.
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Figure 4 Relationship between indole-3-acetic acid producing ability and Chinese kale root growth promotion of
arsenic-resistant bacteria.

4, Discussion

High concentrations of As (5.45 to 39.48 mg kg*) were found in cultivated highland soil in northern Thailand
and are likely to have an adverse impact on upstream, downstream, groundwater and thus food chains. Office of
National Environment Board of Thailand set an arsenic maximum concentration limits (MCL) in agricultural soil
at 3.90 mg As kg[23]. Chitpirom et al. (2009) [24] reported that arsenic concentration of agricultural soil samples
from central Thailand were 4.11 to 4.35 mg kg-X. Majumder et al. (2013) [25] found that arsenic concentrations
in soils of West Bengal, India varied from 7.4 to 13.4 mg kg*. The levels of soil arsenic vary widely in different
countries (0.1 to 40 mg kg™). Anthropogenic sources exceed natural sources by 3 to 1 in the environment [26]. In
the present study, soluble arsenic in the contaminated highland soils may be readily available for uptake by plant
root leading to elevated levels of arsenic in soils. This can result in increased concentration of arsenic in plants.
Eating crops grown on contaminated soils may increase the health risks. A few recent studies report 85 to 95%
inorganic arsenic in rice and vegetables, which suggest more studies for standardization [26].

In this study, under low pH (4.5 and 4.7) only a few isolates could tolerate high concentrations of arsenite with
the highest MIC of 40 mM. The number of tolerant isolates at 40 mM MIC was doubled when the pH was raised
to 7.0. Majumder et al. (2013) [25] concluded that some isolates were hyper-resistant to arsenite at 16 to 47 mM
which was similar to our results. Aksornchu et al. (2008) [27] obtained high arsenic tolerant bacteria which
were able to grow in medium containing 40 mM sodium arsenite from soils contaminated with 40 to
1,000 mg As kg!. Thus, the few isolates (BAs20, BAs29 and BAs30: MIC 40 mM arsenite) obtained from this
study could be considered as hyper arsenic tolerant bacteria. The tolerant isolates obtained in this study could
withstand higher arsenite concentration under slightly acidic and/or neutral pH than extreme acidic environment
suggesting pH effect on resistant ability. The results of the present study suggested that arsenic has low solubility
under neutral or slightly acidic pH. The solubility seemed to be increased considerably in strongly acidic
conditions thus lower the MIC of bacteria. Arsenic concentration and species are influenced by pH and redox
potential of soil [26]. Arsenate is often the dominant species in the aerobic environment or acidic soil. The mobility
of arsenite and arsenate is a function of their adsorption, which in turn is controlled primarily by pH [28-30].
However, some sensitive isolates, e.g. BAs7 did not seem to tolerate higher As(I1l) concentration although the
pH was increased.

Our results indicated that arsenic tolerant isolates could solubilize Ca-phosphate into available P form by
lowering the pH of the medium suggesting organic acid(s) might be produced to increase phosphate availability
under P deficiency. The principal mechanism in the soil for mineral phosphate solubilization is lowering of soil
pH by the microbial production of organic acids and mineralization of organic P by acid phosphatases [31].
Arsenate is taken up via phosphate transport system in both prokaryotes and eukaryotes since phosphate ion is
similar to arsenate ion [ 32 & 33]. Substitutions for phosphate and subsequent inhibition of oxidative
phosphorylation is the major toxicity of As(V). In the plant, it was observed that increasing phosphate supply
decreased As uptake markedly in As hyperaccumulation Pteris vittata [34]. It was seen in this study that As
tolerant bacterial isolates solubilized much higher P (2 to 6 times) in medium with Na-As(I11) than in medium
without Na-As(111). There seemed to be no report on the relation between soluble phosphate and As uptake by
bacteria. However, the results of this study implied that the isolates needed more available phosphate to compete
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with arsenate uptake. The isolates solubilized more phosphate for lowering arsenate absorption and thus less
toxicity in their cells. Our results seemed to be the first report on As detoxify phenomenon outside the bacterial
cell by enhancing phosphate-solubilizing ability when exposed to As.

Indole-3-acetic acid (1AA) is a naturally occurring auxin with broad physiological effects and is known to
enhance plant growth. Many arsenic-resistant bacteria exhibited the ability to produce IAA with the value range
from 3.28 to 36.5 mg L-! [35]. In our study, all the selected isolates could produce IAA (9.53 to 20.32 mg L)
indicating that the IAA levels found were slightly lower than the literature. It was interesting to note that IAA
production by all the isolates (except for BAs11) was increased when As(I1l) was added to the medium. This
might be another mechanism of bacteria to cope with arsenic toxicity. It is possible that the increase of plant
growth promoting the ability of highly tolerant and sensitive isolates is related to its heavy metal resistance.

On the average, inoculation with the tested isolates could enhance seed germination and root growth. It
appeared that the root length showed a correlation with phosphate solubilizing ability of bacterial isolates. Isolate
BAs7 gave the highest phosphate solubilizing activity and root length while BAs8 gave the lowest phosphate
solubilizing activity and root length. The correlation between IAA and root growth depends on IAA concentration.
The IAA concentration of 0 to 5.0 mg L2, and 2.5 mg L* gave a positive effect on inducing the formation of root
hair. However, the IAA higher than 5.0 mg L-* did not show significant increase in the root hair formation and
thus the primary root growth was severely inhibited [36]. In the present study, although the effect of IAA was not
obvious, it was obsered that BAs11 and BAs29 gave vigorous root growth and long and dense root hairs as
compared to other isolates. This phenomenon implied that BAs29 and BAs11 established compatible interactions
with the seedlings thus ensured later shoot growth promotion of Chinese kale. Wang et al. (2016) [37] concluded
that vigorous root system including dense root hairs ensured efficient acquisition of the plant nutrients during
early growth and is assumed to be important for later plant development.

Various physicochemical techniques, e.g., oxidation and reduction, chemical precipitation and filtration have
been applied for the removal of toxic heavy metals. However high input cost with some disadvantages associated
with such techniques resulting in ineffective output and secondary environmental pollution. Using high tolerant
bacterial isolates could be a realistic and desirable strategy for maintaining crop production in As-contaminated
soils as well as reduction of As uptake by crops. The tolerant isolates obtained in this study are excellent candidates
for the bioremediation process of the As polluted areas. Nevertheless, additional research would be necessary to
identify effects of these arsenic-tolerant and plant growth-promoting bacterial isolates on detoxification of soil
arsenic and enhancement of plant growth and yield under controlled and field conditions.

5. Conclusion

Out of 40 isolates, only four isolates, i.e. BAs8, BAs11, BAs19 and BAs29 performed promising tolerant
ability under various pH values. Phosphate solubilizing ability of these isolates was increased markedly when
they were exposed to arsenite, particularly sensitive isolate (BAs7), suggesting less arsenic uptake thus higher
tolerant ability. It was interesting to note that IAA production by all the isolates (except for BAs11l) was also
increased when As(111) was added to the medium. The clear phenomenon of increment in P solubilization and
IAA production by the arsenic-resistant isolates in this study seemed to be the first report on simple mechanisms
to cope with high arsenic environments. In addition to high arsenic resistance, BAs29 and BAs11 also gave a
vigorous and dense root hairs of the seedlings thus ensured later shoot growth promotion of Chinese kale. The use
of these two promising isolates in crop production would lead to a less uptake of arsenic by plant signify their
potential application for sustainable bioremediation of As in the environment.
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