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Abstract: Mine drainage is a vital water problem in the mining industry worldwide because of the
heavy metal elements and low pH. Rhizofiltration using wetland plants is an appropriate method
to remove heavy metals from the water via accumulation in the rhizosphere. Phragmites australis is
one of the candidate plants for this method because of metal accumulation, forming iron plaque
around the roots. At the study site, which was the mill tailings pond in the Ningyo-toge uranium
mine, P. australis has been naturally growing since 1998. The results showed that P. australis accu-
mulated Fe, Mn, and 28U in the nodal roots without/with iron plaque compared with other plant
tissues. Among the 837 bacterial colonies isolated from nodal roots, 88.6% showed siderophore pro-
duction activities. Considering iron plaque formation around P. australis roots, we hypothesized
that microbial siderophores might influence iron plaque formation because bacterial siderophores
have catechol-like functional groups. The complex of catechol or other phenolics with Fe was pre-
cipitated due to the networks between Fe and phenolic derivatives. The experiment using bacterial
products of root endophytes, such as Pseudomonas spp. and Rhizobium spp., showed precipitation
with Fe ions, and we confirmed that several Pseudomonas spp. and Rhizobium spp. produced uni-
dentified phenolic compounds. In conclusion, root-endophytic bacteria such as Pseudononas spp.
and Rhizobium spp., isolated from metal-accumulating roots of P. australis, might influence iron
plaque formation as the metal accumulation site. Iron plaque formation is related to tolerance in P.
australis, and Pseudomonas spp. and Rhizobium spp. might indirectly contribute to tolerance. Alt-
hough there are many issues to be resolved in this research, we hope that the fundamental analysis
of plant-microbe interactions would be helpful for phytoremediation at mine sites.

Keywords: mill tailings pond; iron; manganese; uranium; Phragmites australis; iron plaque

1. Introduction

Mine drainage is a significant water pollution problem in the mining industry world-
wide because of the heavy metal elements and low pH. Mine drainage water needs to be
treated to decrease the pollution related risks. Several removal methods for heavy metals
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have been developed using ion-exchange, chemical and microbial precipitation, and neu-
tralization by caustic soda and soda ash. However, the disposal of large amounts of sludge
is costly, and the efficiency of these technologies varies depending on the metals [1-3]. In
addition, metals speciation is an important factor because of the toxicity and the uptake
in plants [4,5]. In contrast, utilization of plants to treat contaminated water, soil, and sed-
iments through phytoremediation is considered an effective, low-cost, and sustainable re-
mediation method. Wetland plants are often used to remove contaminants, including met-
als [3,6,7]. Wetland plants used for phytoremediation are known to accumulate metals in
their underground parts to maintain wetland formation. “Rhizofiltration,” which is an
appropriate remediation method for the wetland plants, is used for the removal of heavy
metals from the water via their accumulation in the rhizosphere, including inside and
outside of the roots [1,7].

Since 1964, Ningyo-toge mine, has been used for developing industrial technologies
for the wet uranium refining process from domestic uranium ore to uranium tetrafluoride,
which has finished in 1982. Currently, a mill tailings pond is used as temporary storage
sites to treat mine water containing iron, manganese, uranium, etc. [8]. Since 1998, at the
mill tailings pond in the Ningyo-toge mine, Phragmites australis (Cav.) Trin. ex Steud. have
been found to grow naturally [9]. P. australis, a wetland plant, is distributed globally, es-
pecially in Asia and Europe, from cold temperate regions to hot humid tropical wetlands
[6,10]. P. australis forms vertical and horizontal rhizomes and develops aerenchyma to
transport atmospheric oxygen to the roots [11,12]. In addition, P. australis has been re-
ported to be used in artificial wetlands to treat metal wastewater because it accumulates
heavy metals and radionuclides in roots [6,7,9,13,14]. Generally, plants accumulating high
concentrations of metals should have metal-tolerance mechanisms because such high con-
centrations cause toxicity to plants [15]. For example, Ederli et al. [12] clarified Cd accu-
mulation and tolerance in P. australis roots via a water culture experiment; the concentra-
tions of phytochelatins, which are thiol-rich peptides used for metal detoxification, in-
creased in the roots treated with Cd solution compared with control roots. P. australis also
accumulated Zn and Cd mainly in the roots, and the concentrations were higher in the
following order: intercellular spaces, cell walls, vacuoles, and cytoplasm. Most of them
were immobilized in the apoplast or sequestered in the vacuolar lumen [16,17]. In addi-
tion, binding proteins with Cd and Zn can prevent their free ions in the cytoplasm, which
is one of the mechanisms for detoxification in P. australis [16,17]. Higuchi et al. [18] re-
ported that P. australis accumulates the complex of Cd with an amylopectin-like a-glucan mol-
ecule, which is induced in the stems under Cd stress, indicating a Cd detoxification effect.
Additionally, on the root surfaces of wet plants, iron plaque, which is composed mainly of
iron hydroxide such as ferrihydrite and goethite, was often observed [19,20]; the iron plaque
could adsorb metals because of the high affinity of iron hydroxide for metals [21,22]. The for-
mation of iron plaque contributes to heavy metal tolerance in P. australis due to the inhibition
of Fe and other metals to enter the root cells [13].

Recently, it has been considered that plant-microbe interactions are essential for clarify-
ing environmental stress tolerance in plants. Root-endophytic bacteria have been reported to
enhance the physiological heavy-metal tolerance of plants [23]. Microbial siderophores have
influenced metal accumulation and metal tolerance in plants because of their chelating char-
acteristics with metals such as Fe, Zn, and Al, for example. Microbes produce siderophores as
one of the secondary metabolites (organic chemicals) under low Fe nutrient conditions via the
formation of the complex with Fe [24]; siderophores are considered important because they
can mobilize insoluble Fe in soil and supply plant roots as a nutrient element. Siderophores
have also been reported to chelate with Fe and other metals [24], and additionally, Braud et al.
[25] found a profound influence on siderophore production by pseudomonads even under
high heavy metals conditions such as Fe, Cr, Hg, and Pb. Therefore, in this study, the aspect
of microbial siderophore, its “chelation with metals” under high concentrations of heavy met-
als, which would be harmful to microbes and plants, were considered. Considering the chela-
tion of microbial siderophores with metals, their important effects on plants growing under
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heavy metal stress have been reported to enhance (1) metal accumulation and (2) metal detox-
ification. For example, Microbacterium saperdae, Pseudomonas monteilii, and Enterobacter cancer-
ogenus, producing Zn-chelating compounds, enhanced Zn accumulation in a hyperaccumula-
tor plant, Thlaspi caerulescens [26]. As another example, Fe-chelating chemicals produced by
Bacillus thuringiensis enhanced As, Cu, Pb, Ni, and Zn accumulation in Alnus firma [27]. In
terms of metal tolerance in plants, Zn-chelating chemicals produced by Pseudomonas putida
and Rhodopseudomonas sp. enhanced Zn accumulation and Zn tolerance in a perennial helo-
phyte, Cicuta virosa [28]. Iron plaque is mainly composed of ferrihydrite [20] and in natural-
organic matter rich environments, a catechol type compound, 3,4-dihydroxybenzoic acid
could chelate Fe(Ill) and eventually enhanced the organic formation of ferrihydrite [29]. Gen-
erally, bacterial siderophores are known to have catechol-like functional groups [30], and
Bijlsma et al. [31] reported that the complex of catechol with Fe was precipitated because of
the networks between Fe and phenolic derivatives. These networks are called metal-phenol
networks (MPNs), and MPNs have appeared as multipurpose surface modifiers based on the
universal adherence properties of phenol molecules, including their constituent galol and cat-
echol groups [32].

Given the background described so far, the purpose of this study was to clarify the accu-
mulation of heavy metals in P. australis growing at the mill tailings pond in the Ningyo-toge
mine, considering the influence of root-endophytic bacteria. The study analyzed (1) metal ac-
cumulation in P. australis during the growing season and observed (2) Fe localization in nodal
roots because Fe was highly contained. Additionally, the study analyzed (3) siderophore pro-
duction by root-endophytic bacteria isolated from P. australis roots, confirmed 4) precipitation
by bacterial products with Fe ions, and detected 5) phenolics in the bacterial products. Finally,
Fe, Min and #8U accumulation in P. australis via the functional effects of root-endophytic bac-
teria, considering these metal tolerance in this plant was discussed.

2. Materials and Methods
2.1. Study Site and Collection of P. australis

The mill tailings pond (35°18'46.8" N, 133°56'19.0" E) as the study site is located at the
Ningyo-toge Environmental Engineering Center, Japan Atomic Energy Agency. Naturally
growing P. australis was collected in July 2017, September 2017, July 2018, and September 2018.
P. australis growing straight in the water was collected by cutting the stems under the nodal
roots. For each collection time, five individuals, which were at the same growth stage, were
collected. An iron plaque has been observed around the roots of P. australis growing at the mill
tailings pond in the Ningyo-toge mine; nodal roots with/without iron plaque of P. australis
were collected separately in 2018, in particular.

The Ningyo-Toge Environmental Engineering Center has continuously evaluated water
quality data at the mill tailings pond; therefore, the data of elemental concentrations (Fe, Mn,
and ##8U), temperature, pH, and oxidation-reduction potential (ORP) in 2017 and 2018 at the
P. australis growing site (water depth: 50 cm) were summarized in Tables 1 and 2. As shown
in Table 1, the water contained Fe, Mn, and #8U in both years. As shown in Table 2, the water
had a low positive ORP value, indicating a neutral pH.

Table 1. Concentrations of Elements in the Water at P. australis Growing Site (Water Depth; 50 cm).

Concentration of Elements

Y

ear Fe (mg/L) Mn (mg/L) 38U (ug/L)
2017 * 8.54+4.42 0.55 +0.21 45.8+26.1
2018 ** 152+ 0.80 121021 149272

Fe and Mn were measured by ICP-OES (Thermo Fisher Scientific iCAP 6300 Duo) and #8U were
measured by ICP-MS (Agilent Technologies 7800). * The results in May, August, and December
2017 are expressed as mean + SE (n = 3). ** The results on May, August, and November in 2018 are
expressed as mean * SE (n =3).
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Table 2. Temperature, pH, and ORP of the Water at P. australis Growing Site (Water Depth; 50 cm).

Year Water T;lél;)erature pH ORP (mV)
2017 * 15.8 + 3.66 6.69 +£0.18 26.3+35.1
2018 ** 16.4 +3.27 6.79 +0.07 12.0 +68.1

The water temperature was measured using a portable electrical conductivity meter (DKK-TOA
Corporation CM-31P). The pH and ORP were measured using a portable pH/ORP meter (Kasa-
hara Chemical Instruments Corporation KP-10Z). * The results in May, August, and December
2017 are expressed as mean + SE (n = 3). ** The results in May, August, and November in 2018 are
expressed as mean * SE (n = 3).

2.2. Analysis of Element Concentrations in Plants, and Calculations of Translocation Factor and
Bioconcentration Factor

The plants were carefully washed with tap water and then with deionized water pre-
pared by a Millipore filtration system (Merck, Darmstadt, Germany). P. australis was di-
vided into four parts: nodal roots, stems, leaves, and spikes found in September. In 2018,
the nodal roots were carefully separated into two types: nodal roots with or without iron
plaque. The cleaned plant tissues were dried at 80 °C for 48 h, and each plant tissue was
ground. To quantify Fe and Mn in the plant tissues, the ground plant materials were
weighed and pyrolyzed using concentrated HNOsat 130 °C and analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES; 720ICP-OES, Agilent Technolo-
gies, Santa Clara, CA, USA). The results of the five replications were averaged, and the
standard errors (SEs) were calculated.

For the quantification of 28U in plant tissues, according to [33], the ground plant ma-
terials were reduced to ashes at 500 °C for 4 h in a box furnace (Koyo, Japan). The ash was
weighed and decomposed in concentrated HNOs. The decomposed sample solution was
measured by inductively coupled plasma mass spectrometry (ICP-MS; Agilent7500series,
Agilent, Santa Clara, CA, USA). For the nodal roots with iron plaque collected from P.
australis, decomposition was performed as described above after ashing. Fe and Mn were
measured with ICP-OES, and 238U was measured with ICP-MS, and the results of the five
replications were averaged, and standard errors (SEs) were calculated.

Translocation factors (TFs) and bioconcentration factors (BCFs) [34,35] using element
concentrations of leaves, stems, and nodal roots and the water in each year were calcu-
lated. The results of the five replications were averaged, and the standard errors (SEs)
were calculated.

2.3. Observation of Iron Localization in P. australis Nodal Roots

According to the elemental analyses of the plant tissues, P. australis showed a high
accumulation of Fe in the nodal roots; therefore, Fe localization in the nodal roots were
observed. Nodal roots with and without iron plaque collected in July and September 2018,
were washed as described in 2.2, fixed in glutaraldehyde-phosphoric acid solution after
degassing in vacuo for 15 min, and stored at 4 °C before use. Fixed nodal roots were
washed twice with deionized water under shaking for 10 min, embedded in 4% agar in
the freezer at —80 °C for 30 min, and cut into 100-pum sections with a microtome (REM-710,
Yamato Kohki, Saitama, Japan). In this experiment, Fe accumulation in the nodal roots
was confirmed by the staining method [36]; the root sections were placed in 2% potassium
ferrocyanide (w/v, 2% HCI) for 15 min in vacuo, kept for 15 min at room temperature, and
washed with Millipore water with shaking for 15 min three times. The stained root sec-
tions were observed under an optical microscope (CX21, Olympus, Tokyo, Japan); the
stained blue sections indicate Fe accumulation.
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2.4. Isolation of Endophytic Bacteria from P. australis Nodal Roots, Evaluation of Siderophore-
Production Activity by CAS-Fe Assay and Identification

2.4.1. Isolation of Endophytic Bacteria

Nodal roots collected from five individuals of P. australis in September 2017 were
used to isolate endophytic bacteria. Before isolation, parts of the washed nodal roots, as
shown in Section 2.2, were stained with trypan blue to confirm filamentous fungal infec-
tions, such as arbuscular fungi and root-endophytic fungi. According to [37,38], the fungal
infection rate of fungi was calculated to be 0.00 + 0.00% (150 observation points per indi-
vidual, n = 5); therefore, we focused on bacteria. Washed nodal roots were sterilized with
70% EtOH for 1 min, followed by 15% H20: for 5 min, and 70% EtOH for 1 min. After
sterilization, the nodal roots were washed twice with sterilized water for 5 min. Under the
clean bench, sterilized nodal roots were cut into approximately 10 mm, and 200 root sec-
tions were prepared per individual. One hundred root sections were incubated on 1%
nutrient broth agar (1%NBA), and the other 100 sections were incubated on 1% tryptic soy
agar (1%TSA) for 1 month at 23 °C in the dark. Bacterial colonies were isolated three times
on 1%TSA or 1%NBA, and 837 colonies were isolated.

2.4.2. Evaluation of Siderophore-Production Activity of Endophytic Bacteria on CAS-Fe
Medium and Identification

Isolated 837 bacterial colonies, shown in Section 2.4.1, were used for the assay. Bac-
terial disks (4.0 mm i.d.) grown on each medium for about 1 week were placed on CAS-
Fe medium [39] and incubated at 23°C in the dark for 3 days. The number of bacterial
colonies was too high, and therefore, one replication was set for each colony. After 3 days,
the diameters of clear zones and colonies were vertically measured at two points per col-
ony, and the average was used for the calculation of siderophore production activity using
the following formula:

Clear zone diameter — Colony diameter

Siderophore production acitvity = 1)

Colony diameter
When the bacterial colonies showed a slightly clear zone, the diameters of which
could not be measured, we evaluated them as having low production of siderophores.
For the top-10 bacteria showing production activities, their activities were examined
again on CAS-Fe medium as described above in three replications. These bacteria were
identified using DNA analyses. According to the manufacturer’s protocol, bacterial DNA
was extracted from a single colony isolated on a plate using PrepMan Ultra Reagent (Ap-
plied Biosystems, Waltham, MA, USA). The bacterial 16S rRNA gene was amplified using
the primer pairs 27F (5-AGA GTT TGA TCC TGG CTC AG-3') and 1492R (5-GGT TAC
CTT GTT ACG ACT T-3') [40] with Ex Taq DNA polymerase (TaKaRa Bio Inc., Shiga,
Japan) [41]. After purification, the PCR products were sequenced using a 3730XL DNA
Analyzer (Applied Biosystems) with a BigDye Terminator version 3.1 Cycle Sequencing
Kit (Applied Biosystems) using 341F (50-CCTACGGGAGGCAGC AG-30) [42] as a se-
quencing primer. A homology search was done via the BLAST program provided by the
DNA Data Bank of Japan (http://blast.ddbj.nig.ac.jp/ (accessed on 17th January 2018)).

2.5. Confirmation of Precipitation by Bacterial Culture Filtrate with Fe Ions and Phenolic
Production by HPLC

Root-endophytic bacteria (10 isolates), which showed high siderophore production
activities, as shown in 2.4.1, were used. Each bacterial disk (8 mm) grown on 1%TSA or
1%NBA for 3 days at 23 °C was inoculated into the rhizosphere medium (RSM; 30 mL in
50 mL flask) [43] under shaking conditions (150 rpm) for 60 h at 23 °C. After incubation,
the bacterial medium was filtered through a sterilized 0.20 um-cellulose acetate filter (Ad-
vantec, Tokyo, Japan). The filtrate was evaporated in vacuo at 40-45 °C and 4-times con-
centrated bacterial filtrate was used to confirm (1) precipitation by bacterial culture filtrate
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with Fe ions and (2) phenolic production by HPLC. Before the experiments, the sidero-
phore production activity of bacterial filtrates was confirmed on CAS-Fe medium as fol-
lows. A sterilized stainless cup (8 mm i.d.) with an open bottom was placed on CAS-Fe
medium and 4-times concentrated bacterial filtrate (200 uL) was placed into a cup. After
36-hrs incubation at 23 °C, siderophore production activity was evaluated by measuring
the diameters of clear zones vertically measured at two points per cup. The results of three
replications were averaged, and standard errors (SEs) were calculated.

For the first experiment, the precipitation was confirmed by mixing 4-times concen-
trated bacterial filtrates with Fe2* or Fe3* as follows; 4-times concentrated bacterial filtrates
(500 pL) were mixed with 2 mM FeSOs (Fe?, 500 uL) or 2 mM FeCls (Fe3*, 500 pL) in 40
mM MES (pH 5.5). After 3 h, precipitation was observed compared with the control solu-
tion, a mixture of 4-times concentrated RSM (500 pL) with 2 mM FeSOs (Fe?*, 500 uL) or 2
mM FeCls (Fe*, 500 pL) in 40 mM MES (pH 5.5). We also set up other controls; 4-times
concentrated bacterial filtrates (500 uL) mixed with 40 mM MES (pH 5.5, 500 uL) without
Fe ions. Bacterial siderophores are known to have catechol-like functional groups [30];
therefore, we also confirmed the precipitation in a mixture of catechol (Wako, Japan) with
Fe? or Fe¥ as follows: catechol solution (0, 0.125, 0.25, 0.5, 1, or 2 mM in water, 1 mL) was
mixed with 2 mM FeSOs (Fe?, 1 mL) or 2 mM FeCls (Fe?*, 1 mL) in 40 mM MES (pHS5.5).
For the control, each catechol solution (1 mL) was mixed with 40 mM MES (pH5.5, 1 mL)
without Fe. Three replicates were prepared for each treatment. Precipitation was also ob-
served using an optical microscope (CX21, Olympus, Tokyo, Japan).

For the second experiment, phenolics in the bacterial culture filtrates were analyzed
by high-performance liquid chromatography (HPLC; Prominence UFLC series, Shi-
madzu, Japan) with a diode array detector (DAD; SPD-M20A, Shimadzu, Japan) due to
the analytical condition using gradient solvent system; (A) methanol, and (B) 1.5% tetra-
hydrofuran and 0.25% phosphoric acid in Millipore water due to [44]. For the HPLC col-
umn, Mightysil RP-18GP, 75 mm x 4.6 mm i.d. (Kanto Chemical Co., Inc., Tokyo, Japan)
was used. 4-times concentrated bacterial filtrate (10 pL) was injected into HPLC-DAD,
and the UV spectrum between 220 and 400 nm of each peak was confirmed. To qualify
the bacterial filtrates, the spectral characteristics were carefully checked and compared
with general phenolics, such as catechol, coniferyl alcohol, chlorogenic acid, resorcinol,
protocatechuic acid, cinnamic acid, gallic acid, catechins, flavonoids, ellagic acid, and so
on. These UV spectra data have been stored in the library of the HPLC system, made by
analyzing purchased standard chemicals.

2.6. Statistical Analysis

The results were analyzed using SPSS Statistics software (ver. 25.0, IBM, Armonk,
NY, USA). The differences in the concentrations of each element (Fe, Mn, or 28U) between
plant tissues at each sampling time were evaluated by a one-factorial analysis of variance
(one-factorial ANOVA) with Scheffé post hoc test. The differences in TFs and BCFs be-
tween plant tissues at each sampling time were evaluated by Student’s t-test and one-way
ANOVA with Scheffé post hoc test. Differences were considered significant at p <0.05.

3. Results
3.1. Elemental Concentrations of P. australis

Fe and Mn were detected in all plant tissues (Figure 1a,b), and Fe concentrations were
significantly higher in the nodal roots (Figure 1a). Mn concentrations were significantly
higher in nodal roots than in stems and spikes (Figure 1b). 28U was mainly detected in
nodal roots (Figure 1c). In the nodal roots with iron plaque, Fe, Mn, and ¢U were also
detected (Figure 2). Other metals, such as Cd, Cu, Ni, and Pb, were not detected in the
plants.
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Figure 1. Concentrations of elements in P. australis; (a) Fe concentrations in the tissues; (b) Mn con-
centrations in the tissues; (c¢) 2%U concentrations in the tissues. ND indicates under the detection

limit. The results expressed as means + SEs (n =5).
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Figure 2. Concentrations of elements in nodal roots with iron plaque P. australis in 2018; (a) Fe and
Mn concentrations; (b) 28U concentrations. The results expressed as means + SEs (n = 5).

3.2. Translocation Factors (TFs) and Bioconcentration Factors (BCFs)

The results of the metals TFs and BCFs are listed in Tables 3 and 4, respectively. All
metal TFs (Table 3) were lower than the 1. Fe’s leaves/nodal roots TFs were significantly
higher than stems/nodal roots TFs in September 2017 and September 2018. With respect
to Mn, leaves/nodal roots TFs were significantly higher than stems/nodal roots TFs, except
in July 2018. For 28 U, stems/nodal roots TF was significantly higher than leaves/nodal
roots TF in September 2018. In addition, Fe BCFs of the nodal roots were significantly
higher than those the BCFs of stems and leaves at all collection times (Table 4). Mn BCFs
of nodal roots were significantly higher than the BCFs of stems and leaves in July 2017. 23
U BCF of nodal roots was significantly higher than the BCF of leaves and stems in Sep-
tember 2018.

Table 3. Translocation Factors (TFs) of Elements in P. Australis Collected in 2017 and 2018.

July, 2017 September, 2017
Elements Leaves/ Nodal Stems/ Nodal Leaves/ Nodal
Stems/Nodal Roots
Roots Roots Roots
0.05 x 101 0.01 x 10! 0.03 x 101
Fe +0.01 x 10! 0.01+0.00 +0.01 x 1071 +0.01 x 1071 **
Mn 0.03 +0.00 0.21 +0.03 ** 0.05 +0.01 0.22 +0.06 *
238U _ — — —
July, 2018 September, 2018
Elements Leaves/ Nodal Stems/ Nodal Leaves/ Nodal
Stems/Nodal Roots
Roots Roots Roots
0.04 x 10! 0.04x 10! 0.07 x 10!
-1 -1
Fe  0.02x107£0.01x10 +0.01 x 10 +0.01x101 +0.01 x 101 *
Mn 0.06 +0.01 0.19 +0.05 0.08 +0.03 0.53+0.10*
2381 — — 0.04x101x 0.01x10** 0.01x101 +0.02 x 10!

The results are expressed as the mean + SE (n=5). —indicates that the values could not be calcu-
lated because the element concentrations in the stems and leaves were below the detection limit.
Student’s t-test; *p< 0.05, **p< 0.01.
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Table 4. Bioconcentration Factors (BCFs) of Elements in P. australis Collected in 2017 and 2018.

July, 2017 September, 2017
Elements
Nodal roots  Stems Leaves Nodal roots Stems Leaves
Fe 1770 +409a 7.28+0.23b 19.7+1.54b 6900+1130a 7.64+0.81b 21.1+256b
Mn 7140 + 1060 a 224 +36.2b 1420+152b 6060 +1860a 222+40.5b 1060+ 179 ab
238U 6610 +2740 — — 3410 + 1430 — —
uly, 2018 September, 2018
Elements July P
Nodal roots  Stems Leaves Nodal roots Stems Leaves

Fe 2800+448a 4.61+0.53b 10.7+343b 1480+71.7a 6.09+1.18b 9.70+0.49b
Mn 3270+ 967a 163+27.0b 468+105ab 1970+401a 146+40.1b 906 + 140 ab
68J 7030 + 1070 — — 2780+411a 104+216b 30.1+6.84b
The results are expressed as the mean + SE (n =5). —indicates that the values could not be calcu-
lated owing to the data (leaves and stems) below the detection limit. Different letters indicate sig-
nificant differences between plant tissues at each sampling time evaluated by one-factorial
ANOVA with Scheffé post hoc test (p < 0.05).

3.3. Fe Localization in the Nodal Roots of P. australis

The results are shown in Figure 3. Fe localization was observed only in the epidermal
cells of the nodal roots without iron plaque (Figure 3b). In contrast, Fe localization was
observed within the iron plaque in the nodal roots with iron plaque (Figure 3d).

(0) (d)

Figure 3. Fe localization in nodal root sections of P. australis. (a) and (b) Nodal roots without iron
plaque. (c) and (d) Nodal roots with iron plaque. All photos were taken under the optical microscope.
Left photos shown in (a) and (c), were the roots before staining and right photos shown in (b) and
(d) were the roots after staining; blue area indicates Fe localization. Ep: epidermis. C: cortex. Ae:
aerenchyma. IP: iron plaque. Scale bars represent 100 um.

3.4. Siderophore Production Activity by Root-Endophytic Bacteria Isolated from P. australis

A total of 417 and 420 bacterial colonies were isolated on 1%NBA and 1% TSA, re-
spectively. Among the 837 bacterial colonies in total, 742 colonies (382 colonies isolated
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on 1%NBA and 360 colonies isolated on 1% TSA) corresponding to 88.6% showed sidero-
phore production activities. A total of 233 colonies (121 colonies isolated on 1%NBA and
112 colonies isolated on 1% TSA) showed low production of siderophores, which means
that clear zones were too small to measure. 33 colonies (16 colonies isolated on 1%NBA
and 17 colonies isolated on 1% TSA) could not grow on CAS-Fe medium. 62 colonies (19
colonies isolated on 1%NBA and 43 colonies isolated on 1% TSA) did not show any activ-
ity. A total of 509 bacterial colonies, corresponding to 60.8%, clearly showed siderophore
production activities (Figure 4). Based on the DNA analysis of bacterial isolates, the top-
10 bacteria showing high siderophore production activities were identified as Pseudomo-
nas spp., Herbaspirillum spp., and Rhizobium spp. (Table 5).

- N w

=)
S W o= N W W U

Siderophores production activity

Bacterial isolates

Figure 4. Siderophore production activities of root-endophytic bacteria isolated from P. australis.
509 colonies were sorted from left to right in order of highest activity. Additionally, 233 colonies
showed low production of siderophore.

Table 5. Endophytic Bacteria Species Showing High Siderophore Production Activity.

Bacterial  Siderophore Production )
Species Name

Isolates Activity *
T1-66 3.16 £0.01 Pseudomonas rhodesiae strain VTT E-031889
T5-48 3.15+0.03 Herbaspirillum sp. ZX2
T1-42 3.12£0.04 Pseudomonas putida strain S975
N5-48 3.10 £ 0.05 Pseudomonas rhodesiae strain VTT E-031889
T4-20 3.04 +0.02 Pseudomonas rhodesiae strain VTT E-031889
N4-46 2.87 +0.04 Rhizobium nepotum
N2-80 2.83£0.05 Herbaspirillum sp. AU2339
T1-11 2.71 £0.09 Pseudomonas extremaustralis strain OX0322
T4-45 233+0.27 Herbaspirillum sp. Os43
N1-76 2.17£0.16 Pseudomonas protegens strain FDAARGOS_307,

* The results are expressed as the mean + SE (n = 3).

3.5. Confirmation of Precipitation by Bacterial Culture Filtrate with Fe Ions and Phenolic
Production by HPLC

Catechol, a functional group of bacterial siderophores [30], was used for the test; pre-
cipitation with Fe ions was observed (Figure 5a). For the bacterial culture filtrate with Fe
ions, differences between the isolates were observed; in the culture filtrates of T1-66, T1-
42, N5-48, T4-20 (Figure 5b), N4-46, T1-11, and N1-76 (Figure 5c), the precipitation with
Fe ions were found. Herbaspirillum spp., such as T5-48, N2-80, and T4-45, did not show
precipitation (Figure 5b,c). In particular, in N4-46, N5-48, and T1-11 culture filtrates with
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Fe ions, compared with the control, different precipitation was observed under the micro-
scope; the size of the precipitation observed in the culture filtrates was larger than that in
RSM. Additionally, significant precipitation was observed in the N4-46 culture filtrate.

HPLC-DAD analysis results showed that two phenolic peaks (retention time, approx-
imately 23.2 min and 26.2 min) were found in the T1-66, N5-48, T4-20 bacterial culture
filtrates N4-46, and N1-76 compared with RSM as a control (Figure 6a). Compared with
RSM, peaks at around 1.0-1.3 min were found in the culture filtrates; these peaks were
considered to be related to organic acids. UV spectra (220400 nm) of peaks at 23.2 min
and 26.2 min in T1-66 culture filtrate were shown in Figure 6B. UV spectra of peaks at 23.2
min and 26.2 min showed maximum absorbance at around 260 nm, related to benzene
ring, and similar characteristics to those of phenolics. The absorbance between 260 and
400 nm indicates that phenolic hydroxyl groups influence shifts to longer wavelengths;
however, the UV spectra were not matched to those of general phenolics, including cate-
chol in the library data. The identical spectra of the peaks at the exact retention times were
also confirmed in the N5-48, T4-20, N4-46, and N1-76 culture filtrates. Table 6 summarizes
all the results of the precipitation and HPLC results described above.

Bacterial culture filtrate

Catechol concentrations
0.25 0.5 Control T1-66 T5-48 T1-42 N5-48 T4-20
+Fe?
_Fe2+
+Fe3+
-Fe3*

Bacterial culture filtrate

Control N4-46 N2-80 T1-11 T4-45 N1-76

+Fe?*

_Fe2+

Figure 5. Precipitation in the mixture of bacterial culture filtrates or catechol solution with Fe ions. (a) Confirmation of the
precipitation of catechol with Fe jons. (b), (c) Precipitation in the mixture of bacterial culture filtrates and Fe ions. (a), (b)
and (c); scale bars represent 5 mm.
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T1-66 N5-48 T4-20

N4-46 N1-76 RSM

RT 23.2 min RT 26.2 min

(b)

Figure 6. Phenolics in bacterial culture filtrates. (a) HPLC chromatogram of bacterial culture filtrates
of the isolates, in which phenolic peaks were found at 254 nm. At retention time (RT), around 23.2
min and 26.2 min, peaks were confirmed in the bacterial filtrates. In HPLC chromatogram of RSM
medium as a control, these peaks were not found. (b) Spectra between 220 nm and 400 nm of two
peaks found in T1-66 culture filtrate at 23.23 min and 26.21 min, respectively. Same spectrum at each
RT was also confirmed in each peak detected in N5-48, T4-20, N4-46, and N1-76 culture filtrates.
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Table 6. Bacterial Culture Filtrate Characteristics on Siderophore Production Activity, precipitation
with Fe ions and phenolic production.

Siderophore Production

Isolates Activity * P-rec1p1tat10n Phenolic Production ***
(Clear-Zone Diameter, mm) with Fe Ions **

T1-66 37.7£0.07 + n
T5-48 26.4+1.10 _ B
T1-42 253+0.61 .

N5-48 35.6+0.34 + N
T4-20 33.4+059 . i
N4-46 32.6+0.15 4 N
N2-80 27.3+0.43 _ _
T1-11 38.1+0.13 + _
T4-45 25.6 +0.20 _ B
N1-76 32.1 = 0.66 " -

* The results of siderophore production activities on CAS-Fe medium are expressed as mean + SE
(n=3). ** + indicates the confirmation of the precipitation with Fe? and Fe% ions and —indicates no
precipitation with Fe ions in three replications. *** + indicates phenolic products detection and —
indicates no detection of phenolics by HPLC-DAD.

4. Discussion

Phragmites australis growing naturally at the mill tailings pond in Ningyo-toge mine
significantly accumulated Fe and Mn in the nodal roots (Figure 1a,b) compared with the
concentrations generally found in plants (Fe, 0.018 -1.51 mg/g DW; Mn, 0.016 —1.84 mg/g
DW) [45]. TF and BCF values also indicate that P. australis accumulated these metals in
the nodal roots compared with the leaves and stems (Tables 1 and 2). These results seem
similar to those of P. australis, as shown in [14,46]. 28U was significantly accumulated in
the nodal roots compared with stems, leaves, and spikes (Figure 1C), and the concentra-
tions in the nodal roots were approximately 40-300 pg/g ashing DW. [14] similarly re-
ported that 28U concentration in P. australis roots (82.8 + 24.0 ug/g) and the concentration
in the aboveground part was low compared with the roots. [47] clarified at Sevilha mine
that 28U concentrations of wetland plants such as Callitriche stagnalis, Lemna minor, and
Riccia fluitans were 55.6 ug/g DW, 53.0 ug/g DW and 50.6 pg/g DW, respectively. In com-
parison with these results, the nodal roots with/without iron plaque of P. australis ob-
served in this study showed higher 28U accumulation. In the nodal roots with iron plaque,
Fe, Mn, and U also got accumulated (Figure 2). However, these concentrations cannot
be directly compared with the ones shown in Figure 1 because the decomposition proce-
dures differed. Furthermore, Fe localization was found in epidermal root cells and in iron
plaque around the nodal roots, but not in the cortical cells (Figure 3), indicating that the
main Fe accumulation sites in P. australis were epidermal root cells and iron plaque out-
side of the roots. This Fe accumulation in iron plaque might enhance heavy metal toler-
ance in the roots, because an iron plaque acts as a barrier against Zn in a wetland plant,
Aster tripolium [48]. Iron plaque formation around the roots seems to be important for the
accumulation site, and this formation might enhance heavy metal tolerance in the roots.

Due to the bacterial isolation from P. australis nodal roots, many root-endophytic bac-
teria showed high siderophore production activities on CAS-Fe medium (Figure 4).
Among them, the top-10 bacteria showing siderophore production activities were Pseudo-
monas spp., Herbaspirillum spp., and Rhizobium spp. (Table 5). Generally, many bacterial
siderophores have catechol-like functional groups [30], and a complex of catechol with Fe
and precipitation has been reported [31]. In addition, the complex of tannic acid and py-
rogallol with Fe is also known to precipitate [49,50]. In iron plaque, ferrihydrite was
mainly confirmed [20] and, for ferrihydrite found in the natural-organic matter rich envi-
ronments, hydroxybenzoic acid moieties effectively suppressed the inorganic formation
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of ferrihydrite, because hydroxybenzoic acid could chelate Fe (IlI) species at double cor-
ner-sharing Fe-Fe linkages [29]. Furthermore, natural organic matter could enhance the
organic formation of ferrihydrite, compared with inorganic ferrihydrite [29]. Therefore,
we hypothesized that microbial siderophores might influence iron plaque formation. In
the experiment, the precipitation of catechol and Fe ions was firstly confirmed (Figure 5a).
In the results, in the mixture of bacterial culture filtrate of T1-66, T1-42, N5-48, T4-20, N4-
46, T1-11, or N1-76 with Fe ions, precipitation was observed (Figure 5b,c). Based on HPLC-
DAD analysis using bacterial culture filtrates, two phenolics showing the same retention
time and UV spectra were found in the bacterial culture filtrates of T1-66, N5-48, T4-20,
N4-46, and N1-76, but not in RSM (Figure 6a and Table 6), indicating that these phenolics
might influence iron plaque formation via precipitation with Fe ions. In contrast, in bac-
terial filtrates of T1-42 and T1-11, which showed precipitation with Fe ions (Figure 5b,c),
peaks related to phenolics were not found by HPLC-DAD. In these filtrates, polar chemi-
cal compounds, such as organic acids, were detected at an early retention time (data not
shown). Microbial siderophores have diverse chemical structures [51]. Pseudomonas spe-
cies are known to produce various kinds of siderophores, such as pyoverdins [52], pyo-
verdine B10 [53], pyochelin [54], quinolobactin [55], corrugatin [56], ornicorrugatin [57],
and pseudomonine [58]. Herbaspirillum species are known to produce serobactins [59], and
Rhizobium are known to produce rhizobactin [60], vicibactin [61], schizokinen [62], 2,3-
dihydroxy benzoic acid [63] and unidentified catechol-type siderophore [64]. Among
them, pyoverdins, pyoverdine B10, pyochelin, pseudomonine, and 2,3-dihydroxy benzoic
acid are phenolic compounds. Therefore, other possible phenolic chemicals may influence
the formation of iron plaques. These results suggest the possible influence of bacterial si-
derophores on iron plaque formation; if the influence of bacterial products on iron plaque
formation is clarified, we need to purify bacterial siderophores to be identified via instru-
mental analyses, such as NMRs and MSs, and to confirm the precipitation with Fe ions
using purified bacterial siderophores. Furthermore, to prove the hypothesis in this study,
we need to compare the precipitation of bacterial siderophores and Fe ions in the experi-
ment, with iron plaque collected from P. australis growing at the study site via X-ray ab-
sorption fine structure analysis in the further research.

Plants accumulating high concentrations of metals should have metal-tolerance
mechanisms to survive the toxicities caused by high metal concentrations [15]. In sum-
mary, P. australis seems to have Fe tolerance mechanisms in the epidermal cells of the
nodal roots (Figure 3). Generally, metal deposition in plant cell walls inhibits metal diffu-
sion into important cell organisms such as mitochondria and nuclei [65]. Therefore, Fe
deposition in epidermal root cells contributes to tolerance in P. australis. Additionally, an
iron plaque outside the nodal roots is vital for P. australis to inhibit Fe entrance into the
root cells [13]. Results in this study showing the possible influence of bacterial sidero-
phores on iron plaque formation might indirectly indicate bacterial contribution to the
tolerance of P. australis. In future studies at the study site, we should carefully calculate
the percentages of the nodal roots with an iron plaque to confirm the contribution rate of
iron plaque.

In conclusion, in this study, the accumulation of Fe, Mn, and 233U in the nodal roots
of P. australis and iron plaque around the nodal roots was clarified. Lots of root-endo-
phytic bacteria showed siderophore production activities, and the bacterial products of
Pseudomonas spp. and Rhizobium spp. might influence the formation of iron plaque. Addi-
tionally, iron plaque formation around the nodal roots via the support of bacterial prod-
ucts by Pseudomonas spp. and Rhizobium spp., would be related to tolerance in P. australis;
these root-endophytic bacteria might indirectly contribute to the tolerance. In the future
study, we should clarify the effects of these root-endophytic bacteria via the inoculation
test to P. australis. Although there are issues to be resolved in this research, we hope that
this fundamental research on plant-microbe interactions would be helpful for phytoreme-
diation at mine sites.
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