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Iron (Fe) migration in soil-plants is a critical part of Fe biogeochemical cycling in the earth surface system. Fe
isotope fractionation analysis in the soil-rice system is promising for quantitatively assessing various pathways
and clarifying Fe transformation processes. However, the mechanisms of Fe isotope fractionation in the soil-
rice system are not well understood. In this study, the Fe isotopic compositions (5°°Fe) of rhizosphere soils,
pore water, Fe plaque, and rice plant tissues at the jointing and mature stages of the plants were determined.
The rice plants were slightly enriched in heavier §°°Fe by ~0.3%o relative to the soil, and the stele and cortex
showed similar §°°Fe values, indicating that the uptake of Fe by rice plants predominantly occurred via Fe(III)-
phytosiderophores (Fe(II)-PS) chelation, but not Fe(IlI) reduction. Additionally, at both the jointing and mature
stages, the rice plant tissues showed similar 5°°Fe values. However, the Fe isotope fractionation between the
roots and stems (A%Fe, o_gem) Was 1.39 + 0.13%o, which is similar to the previously Ab initio-calculated values
between Fe(III)-citrate and Fe(IIl)- 2-deoxymugineic acid (DMA), indicating that both the phloem and xylem
have similar 5°°Fe values, and the major Fe-chelating substances in the phloem of the rice plants are Fe(Il[)-DMA
and Fe(II)- Nicotianamine (NA). Therefore, this study demonstrates that Fe isotope fractionation can be used as

a signature for interpreting the Fe uptake and translocation mechanism in the soil-rice system.

1. Introduction

Iron is a vital plant micronutrient and an essential element in many
physiological, metabolic, and biogeochemical processes [1]. For most
plants, two specific mechanisms (Strategy I and Strategy II) for effi-
cient Fe uptake have been reported [2]. For Strategy I-related plants
(e.g., non-graminaceous plants and dicots), the pH decreased due to
proton release by proton-ATPase and the Fe(IIl) was then reduced to
Fe(II) through the inducible ferric chelate reductase activity of FRO2
[3]. Fe(Il) is translocated into the cells of the plant roots by Fe(II) trans-
porters [1]. On the other hand, for Strategy II-related plants (e.g., gram-
inaceous monocots), mugineic acid-family phytosiderophores (PS) can
be released and chelated with Fe(III) in rhizosphere soils [4], after which
the Fe(IIl)-PS complex is then transported into the root cells. As an im-
portant cereal crop, rice plants serve as a stable food source for more
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than half of the world population, and iron is an essential micronutri-
ent needed for their growth and development [5]. Iron deficiency is one
of the most widespread and serious problems associated with crop pro-
duction and human nutrition in the world [6]. Additionally, high soil
Fe concentrations and excessive Fe uptake cause Fe toxicity as well as
the bronzing for rice plants, leading to a nutritional disorder in the rice
plants [7]. This sophisticated Fe uptake and translocation plays an im-
portant role in maintaining Fe concentrations at physiologically optimal
levels in rice plants [8]. Understanding the mechanism of Fe uptake and
translocation of rice plants is critical to overcoming the problems related
to rice plant Fe deficiency or toxicity. Additionally, understanding this
mechanism has significant implications with respect to increasing rice
yield and ensuring human health. In the soil-rice plant system, Fe(Il) is
usually the dominant form in flooded paddy soils. However, roots secret
oxygen and Fe(Il) is oxidized into Fe(III) in the rhizosphere [9]. For rice,
which is an example of a graminaceous plant, Fe uptake can occur via
Strategy II [10]; however, Fe uptake for rice plants via Strategy I has
also been observed [11]; It was reported the mechanism of Fe uptake
depends on the Fe availability in soils [12,13]. The mechanism of Fe
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uptake and translocation in the soil-rice plant system is still not well
understood.

Iron isotopes have been extensively used as signatures to clarify geo-
chemical processes [14], and recently, they have been employed in the
study of the mechanism of Fe uptake and translocation in plants [12,15-
18]. For Strategy I-related plants, it has been reported that owing to the
reduction of Fe(III), the magnitude of Fe isotope fractionation can reach
up to 1.5%o during Fe uptake and translocation, and there is a decrease
in the Fe isotopic compositions (5°Fe) of the roots, stems, leaves, and
seeds during Fe translocation [12]. For Strategy II-related plants, the
magnitude of Fe isotope fractionation associated with Fe(III)-PS uptake
and translocation is only 0.2-0.3%o, and during Fe translocation, the
roots, stems, leaves, and seeds basically show similar 6°¢Fe values [12].
Hence, it is possible that Fe isotope fractionation is a potential indicator
that can be used to clarify Fe availability in the plant substrate and the
Fe uptake mechanism in plants.

Recently, it was proposed that higher degrees of Fe isotope fraction-
ation (up to 1.54%o within the plants) during Fe uptake and transloca-
tion in rice plants can be attributed to Strategy I, while lower degrees
(~0.30%o within the plants) can be attributed to Strategy II [11]. How-
ever, based on quantum chemical calculations, Fe isotope fractionation
resulting from changes in Fe speciation without redox transformation
can also be up to 1.5%o [15], indicating that distinguishing Strategy
I- and Strategy II-related plants based on the magnitude of Fe isotope
fractionation is not always accurate. Fe in the rhizosphere must pass
through the cell wall of the root cortex, and reach the plasma mem-
brane of the root cells before entering the root stele [19]. For Strategy
I-related plants, Fe(IIl) redox enzymes are present in the plasma mem-
brane; thus, Fe(Ill) reduction occurs during Fe uptake from the cortex
to the stele. Contrarily, for Strategy II-related plants, Fe(III) reduction
does not occur during this process. Therefore, the Fe isotope fractiona-
tion between the cortex and the stele (ASFe g ex_stele) €an be used to
directly determine the redox state of Fe and also distinguish Strategy I-
and Strategy Il-related plants.

After Fe uptake via the root system of the rice plants, the Fe is translo-
cated from the roots to the stem via both the xylem and phloem [20].
In the xylem sap, where the pH is below 7, Fe is translocated as Fe(III)-
citrate [21]; however, the fate of the Fe(IIl)-ligand complexes in the
phloem sap is still unclear [5]. Both 2-deoxymugineic acid (DMA) and
Nicotianamine (NA) play an essential role in Fe translocation in the
phloem [22]. It was suggested that Fe may be primarily translocated
as Fe(III)-DMA in the phloem [23,24], as Fe(II)-NA [8,25], or even as
both of Fe(Il)-DMA and Fe(II)-NA [26]. Given that different types of
Fe(IIl)-ligands can induce different magnitudes of Fe isotope fractiona-
tion [15], the Fe isotope signature is a promising indicator that can be
used in the determination of the types of Fe(IlI)-ligand complexes in the
phloem sap.

In this study, Fe isotope fractionation in the paddy soil, pore wa-
ter, Fe plaque, and the different rice plant tissues at the jointing and
maturity stages of the rice plants in the soil-rice system were investi-
gated. Thus, the objectives of this study were to: (1) determine the Fe
isotope variations in the soil-rice plant system; (2) clarify the molecular
Fe-uptake process from the cortex to the stele of the plant roots using Fe
isotope fractionation; and (3) reveal the mechanism of Fe translocation
in the different above-ground tissues of the rice plants.

2. Materials and methods
2.1. Rice plant sampling and preparation

Rice plants (Oriza sativa L.) were cultivated in a paddy field at the
South China Agricultural University, Guangzhou, China (113°21’57”E-
23°9’56”N). Six groups of rice plants were harvested and collected at
the jointing stage (October 27, 2017) and the maturity stage (December
15, 2017) of the plants. These groups of rice plants during the jointing
and the maturity stage were sampled at the same spot. The whole rice
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plants were sampled in triplicates using a wooden shovel, after which
they were stored at -4 °C. The different tissues, including roots, stems,
leaves, and panicles, were separated using a pair of ceramic scissors at
the jointing stage, and in addition to these other tissues, the husks and
seeds were also sampled at the maturity stage of the plants. The loca-
tions of stems and leaves samples at the jointing and the maturity stage
are shown in Fig. S1. To remove soil particles, the roots were cleaned
via ultrasonication, and the Fe plaques from the roots were extracted
using 30 mL of 1 N HCI for 1 h following Garnier et al., (2017) [13].
The HCI concentration increased from 0.5 N to 1 N, and the extraction
time increased from 30 min to 1 h to ensure complete dissolution of Fe
plaque in this study. The Fe extraction method of DCB (the mixture of
dithionite, citrate, and bicarbonate) was not used in this study because
the chemical purity of the reactants was not high enough for the sub-
sequent Fe isotopic composition measurements. Thereafter, the extracts
were filtered through 0.22-ym nylon filters, and the roots were rinsed
three times with ultrapure water. The roots were then peeled off and
separated into the cortex and stele using a plastic tweezer. All the sam-
ples were rinsed with ultrapure water and dried at 80 °C for 48 h before
grinding in an agate mortar.

2.2. Soil sampling and preparation

The rhizosphere soil samples were collected using a wooden spoon
and stored in polyvinyl chloride (PVC) tubes. The PVC tube was full
of soil samples and it was sealed with polymeric membrane to ensure
the soil below the surface was not contacted with air. Then, the soil
was quickly frozen and stored at —80 °C in the lab. Thereafter, 20 mL
of 0.5 N HCl was added into 50 mL centrifuge tubes containing 1 g
of the soil samples following Guelke et al. (2010) [27]. Before the ex-
periments of HCl-extraction, the soil was unfrozen and the surface of
soil samples was removed to avoid post-sampling Fe oxidation. After
centrifugation (10000 g) for 10 min, the supernatants were collected
and filtered using 0.22 ym nylon filters, and the soil precipitates were
washed with high-purity water (18.2 MQ.cm, Milli-Q, Millipore, USA).
The above centrifugation procedure was repeated twice. The residues
were washed three times with high-purity water, and dried at 80 °C for
48 h before grinding in an agate mortar and sieving using a 100-mesh
nylon sieve. All the pore water samples were collected using a ceramic
tube sampler with a bore diameter of 2 ym (Rhizosphere, Netherlands).
One end of the ceramic tube of the sampler was inserted into the soil to
a depth of 10 cm and the distance between the end of the ceramic tube
and the center of rice plants was 5 cm. Thus, the samples of pore wa-
ter were collected between 0 and 10 cm. The other end with a syringe
needle was connected to a container in which vacuum has been made.
The collected pore water samples were then filtered through 0.22 ym
nylon filters into pre-cleaned polytetrafluoroethylene (PFA) containers,
and acidified to a pH of 2 using 1 N HNOj3. There was very little pore
water at the maturity stage. Thus, the pore water was only sampled at
the jointing stage.

2.3. Fe isotope analysis

The pore water (20 mL), Fe plaque extract (5 mL), and HCl-extracted
soil extract (10 mL) were evaporated in PFA beakers at 80 °C. There-
after, they were dissolved in 2 mL 6 N HNO3 on a hotplate at 120 °C
for 24 h. The soil (5 mg) and rice plant tissue samples (200-500 mg)
were treated with concentrated HF-HNO5 (1:4), and digested using a
Microwave digestion system (Milestone, Italy) at 180 °C for 30 min. The
obtained solutions were transferred into PFA beakers and evaporated to
dryness on a hotplate at 80 °C. Thereafter, they were dissolved in a 3:1
(v/v) mixture of HCI-HNOj, and heated at 140 °C for 1-2 days until dry-
ness. The HCl, HNO3, and HF were all distilled by sub-boiling distillation
(DST-1000, Savillex, USA) before sample digestion and Fe purification.
Subsequently, 2 mL of 30% H,0, was added into the dried residue to
remove the remaining organic matter. All the samples obtained after the
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digestion were then re-dissolved in 6 N HCI for Fe separation and pu-
rification using an anion exchange resin (Bio-Rad AG1 x 8, 200 mesh)
in a polypropylene column. The samples containing 50 ug of Fe were
loaded, and the resin was rinsed with 4 mL of 6 N HCL. During this step,
interfering elements and matrix components were eluted, and the re-
tained Fe was then eluted with 4 mL of 0.4 N HCI, 1 mL of 8 N HNO;,
and 0.5 mL of high-purity water. The Fe recovery rate from the column
after purification was above 98%.

The Fe concentration was determined by Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES, Perkin Elmer Sciex,
USA). The Fe concentration of standard materials of citrus leaf (GSB-11)
has been measured. The Fe concentration of GSB-11 was 470 + 11 mg
kg1, which was identical within error to the recommended value
(480 + 30 mg kg~1). Fe isotopic compositions were measured using a
Neptune Plus Multi-Collector Inductively Coupled Plasma-Mass Spec-
trometer (MC-ICP-MS, Thermo Fisher Scientific, Bremen, Germany) at
the Chinese Academy of Sciences Key Laboratory of Crust-Mantle Mate-
rials and Environments at the University of Science and Technology of
China (Hefei, China). The Fe isotopic composition data were analyzed
using the sample-standard bracketing approach to correct instrumen-
tal mass bias and time drifts. For this analysis, the samples were neb-
ulized with a wet plasma, using a quartz dual cyclonic-spray chamber
and a PFA MicroFlow Teflon nebulizer with an uptake rate of 50 uL
min~!, and interferences (e.g., “°Ar'N+ and 4°Ar'60+) were resolved
in the high-resolution mode. A detailed description of the Fe isotope
measurement has been previously reported [28]. Each sample was an-
alyzed three times. Additionally, the long-term external reproducibility
of the instrument was 0.05%o (2 SD) for §5°Fe based on replicate runs
of the in-house standards (UIFe and GSB). UlFe was a high-purity Fe
solution obtained from the University of Illinois at Urbana-Champaign,
and GSB was an ultrapure single elemental standard solution from the
China Iron and Steel Research Institute. The long-term averages 5°°Fe
of UIFe and GSB were 0.69 + 0.05%o (2 SD, n = 663) and 0.72 + 0.05%o
(2 SD, n = 391). The values of the 5°°Fe based on U.S. Geological Survey
(USGS) rock standards (BHVO-2, W-2, and AGV-2) were 0.12 + 0.04%o
(2 SD, n = 3), 0.05 + 0.02%o (2 SD, n = 3), and 0.11 + 0.05%o (2 SD,
n = 3). These results were identical within error to those reported in
literature [29].

2.4. Notation

The Fe isotopic compositions were reported using the standard delta
notation expressed in per mil (%o) relative to the international Fe isotope
standard (IRMM-014) according to Eq. 1.

(56Fe/54Fe) mpie
(56Fe/54Fe)gandard

The Fe isotope fractionation between two components, A and B
(AS®Fe, 3), was expressed according to Eq. 2, and its precision was esti-
mated by propagating the standard errors associated with the (6°0Fe),
and (6°6Fe)y values.

5°Fe = — 1| x 1000 6

A®Fe, p=(5%Fe), — (6%Fe) )

The Fe isotopic composition of the total plant was obtained using
Eq. 3, where i represents different rice plant tissues, including the root,
stems, leaves, panicles, husks, and seeds, m represents the dry mass of
the tissues, and c represents the Fe concentration.

56
X mi;5>°Fe;

X myc;

5%°Fe 3)

plant=
3. Results
3.1. Fe isotope fractionation in soils

The Fe concentrations and Fe isotopic compositions of the three
groups of individual plants (A, B, C) at the jointing and mature stages

279

Fundamental Research 1 (2021) 277-284

were measured (Table S1). As shown in Fig. 1(a) and (b), the Fe concen-
trations of the soil at the jointing and mature stages were 22.2 g kg~!
(2.2%) and 17.2 g kg~! (1.7%), respectively. At the jointing stage, the
soil 6°6Fe value was 0.15 + 0.03%o. The 6°°Fe value of the HCl-extracted
soil extract was 0.20 + 0.01%o, while that of the residual soil was
0.17 + 0.05%o (Table S1, Fig. 1(c) and 1(d)), indicating that the protocol
for soil HCl-extraction did not bring about significant Fe isotope frac-
tionation. The Fe in pore water primarily resulted from the dissolution
of soil Fe, and the Fe isotope fractionation between pore water and soil
(ASOFe, aer_soil) Was —0.29 + 0.05%o, indicating that pore water was en-
riched in light Fe isotopes. Additionally, iron concentration of Fe plaque
was determined according to the ratio of Fe content in Fe plaque extract
to the dry mass of the roots [30]. Iron concentrations of Fe plaque were
92.3 g kg~! and 73.9 g kg~! at the jointing and mature stages, respec-
tively, which were similar to iron concentrations of Fe plaque in Garnier
et al. 2017 [13]. The 5%¢Fe of the Fe plaque was 1.27 + 0.08%o, and the
Fe isotope fractionation between it and pore water (A56Feplaque,water)
was 1.40 + 0.08%o, indicating that the §°°Fe became significantly heav-
ier in the Fe plaque. At the maturity stage, the 5°°Fe values of the soil,
the HCl-extracted Fe, the residual soil after extraction, and the Fe plaque
were similar to those observed at the jointing stage. The plaque was not
still attached to the roots after Fe plaque extraction in this study. The Fe
plaque was pronouncedly enriched in heavier Fe isotopic composition
relative to cortex. Therefore, if Fe plaque is still attached to the cortex,
5%0Fe of cortex will increase and the 6°°Fe of cortex and stele will be
different.

3.2. Fe isotope fractionation in roots and bulk rice plants

The results of the mass balance calculations revealed that the Fe con-
centrations of the bulk rice plants at the jointing and mature stages
were 747 and 425 mg kg~!, respectively, and those of the roots at
the jointing and mature stages were 13.3 and 13.7 g kg~!, respec-
tively, which were the highest considering all the different rice plant
tissues (Table S2, Fig. 2(a) and (b)). The Fe concentrations of the cortex
were significantly higher than those of the stele. Furthermore, at the
jointing and maturity stages, the 56°°Fe values of the rice plants were
0.46 + 0.21 and 0.51 + 0.14%o, respectively (Table S2, Fig. 2(c) and
(d)), and for the roots, they were 0.67 + 0.27 and 0.75 + 0.03%o, re-
spectively, which were the heaviest considering all the different rice
plant tissues. At the jointing and maturity stages, the §°°Fe values of
stele were 0.89 + 0.06 and 0.85 + 0.34%o, respectively, while those of
the cortex were 0.63 + 0.24 and 0.75 + 0.01%o, respectively, indicating
that the 5°°Fe values of the cortex and the stele were identical within
error.

3.3. Fe isotope fractionation in above-ground rice plant parts (shoots)

The Fe concentrations of all the above-ground parts of the rice plants,
including stems, leaves, panicles, husks, and seeds, at the jointing and
mature stages are shown in Table S3, Fig. 3(a) and (c). The Fe concen-
trations in the various organs of the above-ground parts ranged between
16 and 610 mg kg~! at both the jointing and mature stages. The accu-
mulation of Fe in the lower stem was higher than that in the upper stem;
however, it was pronouncedly higher in old leaves than in new leaves
at both the jointing and mature stages. Additionally, at the jointing and
mature stages, all the rice plant tissues showed similar 6°°Fe values (Ta-
ble S3, Fig. 3(c) and (d)), and at both the jointing and mature stage,
the average §°°Fe value of the stems was the lightest considering all
the above-ground plant tissues, with, respectively, —0.63 + 0.09%o and
—0.64 + 0.12%o. The values of 5°°Fe at different heights  of the stems
were identical within error, and the Fe isotope fractionation between
the roots and the stems (A%Fe,qo;_stem) Was 1.39 + 0.13%o, indicating
that 6°°Fe became significantly lighter during the translocation of Fe
from the roots to the stems. Additionally, the §56Fe value of the leaves
was —0.06 + 0.12%o averagely, and the Fe isotope fractionation between
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Fig. 1. (a) Fe concentrations in soil, pore water, and Fe plaque at the jointing stage; (b) Fe concentrations in soil and Fe plaque at the mature stage; (c) the 6°°Fe
values of soil, pore water, and Fe plaque at the jointing stage; (d) 6°°Fe values of soil and Fe plaque at the mature stage; (e) mechanism of Fe fractionation during
Fe(II) oxidation and formation of the Fe plaque. The pie chart represents the Fe sources in soil-rice systems based on Fe isotope fractionation and mass balance

calculations.

the leaves and the stems (A®Fe;qyp_gem) Was 0.52 + 0.18%o, indicating
that the leaves were enriched in heavier Fe isotopes during Fe trans-
port from the stems to the leaves. The §°°Fe value of the panicles was
—0.23 + 0.01%o, and those of the grains, husks, and seeds at the mature
stage were —0.17 + 0.18, —0.25 + 0.36, and —0.09 + 0.04%o, respec-
tively, indicating the 6°¢Fe values became heavier from husks to seeds.
The 5°0Fe values of the stems, leaves, and panicles at both the jointing
and mature stages were similar, and the values of AS°Fe  em and
ASOFe) 46 gem Were 1.30 + 0.28%o and 0.52 + 0.15%o, respectively.

4. Discussion
4.1. Iron migration and transformation in soil-water-plaque

Soil->Water. The Fe concentrations of the soil at the jointing and
mature stages fell within the previously reported Fe concentration range

(~0.2-5%) for common soils [27]. At the jointing stage, the 5°°Fe value
of soil (0.15 + 0.03%o) was similar to that reported by Liu et al. (2019)
[11].

Iron-bearing minerals in soils can be transformed into bioavailable
Fe via physiochemical and biological processes (e.g., proton-promoted
dissolution, ligand-controlled dissolution, and reduction dissolution),
and concomitantly the Fe isotope fractionation occurs accompanying the
iron transformation processes. During proton-promoted dissolution, no
obvious Fe isotope fractionation was observed. During ligand-promoted
and reductive dissolution, Fe isotope fractionation was pronounced
[31]. This is because during proton-promoted dissolution, the bonds be-
tween oxygen atoms and both detaching and adjacent Fe atoms were
weakened, resulting in limited Fe isotope fractionation [31]. Addition-
ally, equilibrium Fe isotope fractionation occurred during the ligand-
controlled dissolution of the iron oxides and the dissolved Fe enriched
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Fig. 2. Fe concentrations in roots (including cortexes and steles), bulk plants, and soil at (a) the jointing stage and (b) the mature stage. The §°°Fe values of roots
(including cortexes and steles), bulk plants, and soil at (c) the jointing stage and (d) the mature stage. (e) Fe isotope fractionation between cortex and stele as well
as that between the soil and bulk plants showing the rice plant Fe uptake mechanism.

in heavy Fe isotopes. The reductive dissolution of the iron oxides led
to kinetic Fe isotope fractionation, resulting in the enrichment of the
dissolved Fe with light Fe isotopes. The HCl-extracted iron, as a poten-
tial indicator of plant-available Fe in soil [27], includes the iron dis-
solved via the three processes described above. Reportedly, the §°°Fe
values of HCl-extracted iron were ~0.2-0.3%o lighter than those of the
bulk soil samples [13,27,32], and this may be attributed to the occur-
rence of reductive dissolution. However, in this study, HCl-extracted
iron and the bulk soil samples showed similar §5°Fe values. The dis-
crepancies among these authors suggest that such leaching experiments
are insufficiently controlled (e.g., acid strength, temperature, time, and
soil mineralogy) [33]. These results indicated that proton-promoted dis-
solution was dominant during soil dissolution in this study, and both
ligand-controlled dissolution and reductive dissolution were negligi-
ble. Sorption can also cause significant Fe isotope fractionation be-
tween dissolved and sorbed Fe [34-36]. The similar Fe isotopic com-
position between the HCl-extracted soil extract and soil indicated that
the effect of sorption on isotope fractionation during soil HCl-extraction
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was not significant. The §°°Fe value of pore water was 0.29%o lighter
than that of the soil, indicating partial Fe(Ill) reduction may occur
during Fe release from soil to pore water. The §°°Fe values of pore
water may vary as a function of the relative proportions of dissolved
Fe(II), adsorbed Fe(II), and the remaining Fe(III) during Fe(III) reduction
[37].

Water—Plaque. The minerals in Fe plaque, which can be obtained
from the root surface of the rice plants in the rhizosphere [30], are crys-
talline or amorphous Fe(Ill) (oxyhydr)oxides [38]. The precipitation of
Fe(III) occurred mainly via abiotic and biotic Fe(II) oxidation in the sur-
roundings of the roots; thus, the different Fe isotope fractionation pro-
cesses in the plaque could be attributed to different Fe(Il) oxidation pro-
cesses (Fig. 1(e)). Regarding abiotic Fe(I) oxidation, the results of both
laboratory and field studies suggested that the Fe isotope fractionation
between aqueous Fe(II) and ferrihydrite was in the range ~0.9-1.0%o
[39]; whereas for biotic Fe(II) oxidation using two cultures containing
Fe(ID)-oxidizing bacteria, the §°°Fe value of ferrihydrite was 1.5%o heav-
ier than that of the aqueous Fe(II) solution [40]. In this study, at the joint
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Fig. 3. Fe concentrations in different parts of the rice plants at (a) the jointing stage and (b) the mature stage. The §°°Fe values of different parts of the rice plants
at (c) the jointing stage and (d) the mature stage. (e) Schematic illustration outlining Fe species and Fe translocation pathways through the xylem and phloem. In
the xylem, Fe was translocated as Fe(III)-citrate, and in the phloem, Fe from mature leaves was re-mobilized as Fe(II)-NA and Fe(III)-DMA.

stage, the value of ASSFe ), ue water (1.40 = 0.08%o) was very close to
the Fe isotope fractionation between Fe(II) and ferrihydrite for biotic
Fe(II) oxidation but significantly higher than that for abiotic Fe(II) ox-
idation, indicating that the oxidation of Fe(II) in pore water to Fe(III)
in plaque can be primarily attributed to the microbially-mediated Fe(II)
oxidation processes. Sorption can also cause significant Fe isotope frac-
tionation between dissolved and adsorbed Fe. In the presence or in the
absence of silica and organic matter, heavy Fe preferentially sorbed to
the ferrihydrite surface (e.g., goethite) and the remaining solution was
enriched in lighter Fe isotopes [34-36]. Additionally, Fe(II) in the solu-
tion were also enriched in lighter Fe isotopes relative to adsorbed Fe(II)
in the cell surface of bacteria [41]. Therefore, the Fe isotope fractiona-
tion between Fe plaque and pore water can be affected by sorption.
Ratio of Fe uptake from plaque and soil. Both Fe plaque and soil
can serve as Fe sources for rice plants [42]; however, their relative con-
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tributions are still unclear. Given that Fe plaque and soil have signif-
icantly different Fe isotopic compositions, their relative contributions
as Fe sources can be quantified using a two endmember mixing model
based on Eq. 4 and 5 [43],

Xsoi]+Xplaque=100% “

X o015 Fe i1+ X taqued CFe aque =6 Fe &)

swhere X,;; and Xjj,qe Tepresent the fraction of the soil pool and plaque
pool, respectively, and 6% Fegy, 5°6Fepjaque, and 6°°Fe,y;, represent the
5%6Fe values of soil, Fe plaque, and a soil and plaque mixture, respec-
tively. The Fe isotopic compositions of the whole plants were used to
represent the isotope signature of the mixing reservoirs. The average
5%6Fe values of the rice plants were 0.46 + 0.21%o and 0.51 + 0.14%0
at the jointing and maturity stages, respectively. Based on the mixing

plaque plaque 'mix



G. Chen, T. Liu, Y. Li et al.

calculations performed using Eq. 4 and 5, the relative contributions of
soil and the Fe plaque to rice plant Fe uptake in the field were 72%
and 28% at the jointing stage, and 70% and 30% at the maturity stage,
respectively (Fig. 1(e)). Therefore, the soil serves as the main source of
the Fe taken up by rice plants. In Garnier et al. 2017 [13], Fe plaque
was suggested as the main source of Fe uptake by the roots, considering
the relatively high §°°Fe value of Fe plaque and low §°°Fe value of in
the pore water.

4.2. Iron uptake and translocation in roots

Soil—>Root. The process of Fe translocation from the soil to the roots
is a key step in the uptake of Fe by plants. For Strategy I-related plants,
Fe(III) in the rhizosphere soils was reduced to Fe(II) before uptake into
the root cells. For Strategy II-related plants, Fe(IIl) in rhizosphere soils
was chelated by the plant-secreted ligand and dissolved before uptake.
The Fe isotope fractionation between the soil and the bulk plants is an
important signature that can be used to determine the Fe uptake strat-
egy of plants [12,13,16]. Reportedly, for Strategy I-related plants, the
bulk plants are slightly enriched in light Fe isotopes to a greater ex-
tent compared with the soil, and for Strategy II-related plants, the bulk
plants are usually enriched in slightly heavy Fe isotopes relative to the
bioavailable Fe in the soil. In this study, the 5°Fe values of the bulk
rice plants were ~0.3%o heavier than those of the soil, indicating that
Fe uptake from the soil to the roots probably occurred via Strategy II
after the formation of the Fe(III)-DMA complex (Fig. 2(e)). DMA is a
member of the mugineic acid family PS [23]. The molecular weight of
Fe(II)-DMA complex is large [12]. Therefore, the relative mass differ-
ences of Fe-PS complex are small and the Fe-PS uptake should cause
very minor Fe isotope fractionation [12]. This is consistent with the dis-
cussion about Fe isotope fractionation during Fe uptake. In the study of
Arnold et al., 2015 [32], rice was grown in pots in a greenhouse under
anaerobic and aerobic conditions. The rice plant shoots were slightly
enriched in heavier Fe isotopes relative to the soil, indicating changes
in the redox state of Fe occurring during Fe uptake in their experimental
condition.

Cortex—Stele. During Fe uptake from the rhizosphere, Fe passes
through the root cortex, and then reaches the stele (Fig. 2(e), Fig. S2).
For Strategy I-related plants, Fe(III) reduction occurs during Fe uptake
from the cortex to the stele owing to the action of plasma-membrane fer-
ric reductases, while no Fe(III) reduction occurs during this process for
Strategy II-related plants [8]. The results obtained in this study showed
that Fe isotopic compositions between the stele and cortex were simi-
lar, indicating that during Fe translocation from the cortex to the stele
under the conditions of this study, the reduction of Fe(III) was unlikely
to occur (Fig. 2(e)). These findings are consistent with the conclusions
regarding the Fe isotope fractionation between the rice plants and soil
as discussed above. Once transported inside the cell, Fe(IIl) was still
chelated by DMA. However, given that NA forms were also found to be
complexed with Fe(IIl), it implies that Fe(II[)-DMA was possibly trans-
formed into Fe(III)-NA [8]. Reportedly, NA, with a structure similar to
that of DMA, is the principal Fe chelator in root steles, and it plays an
essential role in Fe transport in plants [44]. Both experimental investi-
gations and Ab initio calculations have indicated a positive correlation
between the Fe-ligand binding affinity and the equilibrium constant of
the Fe isotope fractionation process [45, 46]. Heavier Fe isotopes are
preferentially associated with stronger bonding environments [45], and
the values of the stability constants (Log K) of Fe(III)-NA and Fe(III)-
DMA are 20.6 and 18.1, respectively [47], implying a difference (ALog
K) of 2.5. The corresponding A% Fe g (m).Na)— (Fe(im-Dma) Value was ~0%o
based on an experimental investigation of the linear trend between ALog
K and ASSFe, while the corresponding ASFe ge(m.na—Fem)-pma) value
was ~0.1%o based on the theoretically predicted linear trend between
ALog K and A5%Fe [45]. These results indicate that the §5°Fe values of
Fe(III)-NA and Fe(III)-DMA are similar. Thus, Fe could be chelated as
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Fe(III)-DMA or Fe(II)-NA after its translocation from the cortex into the
stele.

4.3. Iron translocation in above-ground parts (shoots)

Root—Stem. After Fe uptake by the root system of the rice plants,
the Fe is translocated to the stems via the xylem and phloem (Fig. 3(e),
Fig. S2). Therefore, the contributions of both the xylem and phloem to
Fe translocation should not be neglected [20]. Given that various Fe(III)-
ligands (e.g., Fe(Ill)-citrate, Fe(II[)-DMA, and Fe(III)-NA) are involved
in the translocation process [23-25], Fe isotope fractionation would de-
pend on the different types of Fe(Ill)-ligands involved. In xylem sap,
Fe is translocated as Fe(IIl)-citrate [21]. However, the role of Fe(III)-
ligand complexes in phloem sap is still unclear. Based on Ab initio calcu-
lations [15], the Fe isotope fractionation between the Fe(IIl)-citrate in
the xylem and the Fe(III)-DMA in the roots was —1.43%o, which was sim-
ilar to the 6°Fe value between the stems and the roots (A%®Fe o roor)
observed in this study (-1.39 + 0.13%o and —1.30 + 0.28%o at the ma-
ture and jointing stages, respectively). The Fe isotopic composition of
the stem was a mix of the Fe isotopic compositions of the phloem and
the xylem. Thus, it can be considered that the xylem and the phloem
have similar Fe isotopic compositions. Based on Ab initio calculations
[15], Fe(II)-NA was pronouncedly enriched in light Fe isotopes by ap-
proximately —1.81%o relative to Fe(Ill)-citrate (xylem), while the Fe(III)-
DMA was significantly enriched in heavy Fe isotopes by approximately
+1.43%o relative to Fe(II)-citrate (xylem). Therefore, it is unlikely that a
single form of Fe(III)-DMA or Fe(II)-NA was translocated from old leaves
to new leaves or seeds via the phloem. Hence, it could be reasonably
proposed that the Fe(II[)-DMA and Fe(II)-NA mixture was transported
in the phloem, resulting in an overall Fe isotopic composition that was
similar to that of Fe(Ill)-citrate (Fig. 3(e)). Similar Fe isotopic composi-
tions between the xylem and the phloem also indicated a quantitative
transfer of mixture of Fe(IlI)-DMA and Fe(II)-NA in the phloem sap.

Stem—Leaf—Seed. During Fe translocation from stems to leaves,
it was transformed into the Fe(IlI)-ferritin complex and stored in the
leaf plastids. Ferritin, which consists of a hollow protein shell, stores
5,000 Fe atoms as Fe(III) [19]. In leaf tissues, Fe(II)-ferritin is a vital
Fe source for the biosynthesis of Fe-containing proteins during photo-
synthesis, and it plays an important role in Fe translocation [22]. The
Fe(Il)-ferritin complex in leaves can be re-mobilized into the Fe(III)-
DMA or Fe(II)-NA forms, then translocated from the lower leaves to
upper leaves and seeds via the phloem sap, and ultimately transformed
into the Fe(Ill)-ferritin complex, which is then stored in new leaves and
seeds (Fig. S2) [8,19]. Hence, the different Fe isotopic compositions of
the aboveground parts could be primarily attributed to the different
types of Fe-ligands they contain. Since Fe is primarily stored in leaves
as Fe(IlI)-ferritin, different leaves showed no significant difference in Fe
isotopic compositions, and the A>®Feg., .. value indicated that the Fe
isotope fractionation between Fe(III)-ferritin and Fe(III)-citrate could be
approximated as 0.52%o.

5. Conclusions

The Fe uptake strategy (I and II), the Fe translocation in different tis-
sues, and the transformation of various Fe ligands in xylem and phloem
were clearly marked by using this Fe isotope tracer. Both A56Fesoﬂ,plam
and AS®Fe . ex_stele Values indicated that no Fe(Ill) reduction was ob-
served before Fe uptake, which occurred via the Fe(III)-PS complex. The
AS®Fe, i _stem values at both the jointing and mature stages were similar
to those between Fe(Ill)-citrate and Fe(II)-DMA obtained based on pre-
vious Ab initio calculations. These results indicate that Fe is transported
as Fe(IlI)-DMA and Fe(II)-NA in the phloem and as Fe(IIl)-citrate in the
xylem. The application of Fe isotope signatures can provide a better un-
derstanding of the mechanistic basis of Fe uptake and translocation in
soil-rice plants systems, furthering our understanding of Fe biogeochem-
istry cycling in the environment.
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