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ABSTRACT

This study focuses on investigation of the distribution of Fe plaque in the root epidermis of the
selected wetland plant species (Phragmites australis, Typha latifolia and Spartina alterniflora)
using synchrotron X-ray microfluoresces, X-ray absorption near edge structure and transmission
X-ray microscope techniques with (sub)micro-scale resolution. The wetland plants were
collected in Liberty State Park, New Jersey, USA, and Yangtze River intertidal zone, Shanghai,
China, respectively, during the different time period. Although a number of early studies have
reported that Fe-oxides can precipitate on the surface of aquatic plants in the rhizosphere to form
iron plaque, the role of Fe plaque in regulating metal biogeochemical cycle has been in
discussion for decades. The results from this study show that Fe is mainly distributed in the
epidermis non-uniformly, and the major Fe species is ferric Fe (Fe**). This information is needed
to make broad inferences about the relevant plant metal uptake mechanisms because Fe
accumulation and distribution in the root system is important to understanding the metal

transport processes that control the mobility of metals in plants. This study improves our
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understanding of Fe plaque distributions and speciation in the wetland plant root system, and
helps us to understand the function of Fe plaque in metal transport and accumulation through the

root system.

Keywords: Wetland plant; Root epidermis; Iron plaque; Synchrotron X-ray radiation technique;

Rhizosphere

1. INTRODUCTION

Many studies have shown that wetland plants can uptake Fe and other metals from
rhizosphere soils and sediments through the root system and store these metals within the plant
biomass 1. Iron (Fe) plaque was found on the root surface of aquatic and terrestrial plant roots
35,711 1t was reported that the main species of iron plaque comprises of mainly ferric
hydroxides, goethite, and lepidocrocite and minor siderite, whose structure is characterized as
amorphous or crystalline iron (oxyhydr) oxides > 2. Due to adsorption or co-precipitation
mechanisms, Fe plaque can sequester metals, metalloids and anions in plant roots >4, Some
studies indicate that the formation of Fe plaque on root surface of aquatic plants may provide a
means of attenuation and external exclusion of metals *> 8, This suggests that Fe plaque may
serve as a barrier preventing heavy metals from entering plant roots " "8, However, Ye et al.
(1998) investigated the effects of Fe plaque on the growth of Typha latifolia and reported that the
presence of Fe plaque on the root surface did not alter Zn, Pb, and Cd translocation in seedlings
in the nutrient solutions. Therefore, the study suggests that Fe plaque is not the main barrier °.

Regardless if the Fe plague that formed on the root surface can act as a barrier to prevent metals



from entering the vascular bundle by scavenging these metals, significant correlations between
metals and Fe have been found in several studies '*'1820-26 Nevertheless, high-resolution

information of Fe plaque spatial distribution in the plant root systems is still lacking.

In order to understand the function of Fe plaque inside the root system, more detailed
information on accumulation and distribution of Fe plaque in the root system should be further
explored with the advancement of analytical technology and techniques. Moreover, investigation
of the Fe plaque requires high-sensitivity and high resolution analytical apparatus and
techniques, such as the high resolution synchrotron X-ray microscope. These techniques have
important applications in studying metal translocation and accumulation in plants with
(sub)micrometer scale resolution 222>27:28 Unlike the conventional wet chemistry analyses, the
high resolution synchrotron X-ray measurement of Fe plaque distributions in plant roots can lead
to a better understanding of Fe transport and fate in the plants. In this study, synchrotron X-ray
microfluoresces (UXRF), synchrotron X-ray absorption near edge structure (XANES) and
synchrotron transmission X-ray microscope (TXM) techniques are applied to this investigation.
The purpose of this study is to examine spatial distribution of Fe plaque in the root epidermis of

selected wetland plants.

2. MATERIALS AND METHODS

2.1 Sample collection and preparation



Wetland plant samples were collected in Liberty State Park, New Jersey, USA, and the
Yangtze River intertidal zone, Shanghai, China, respectively (Figure 1). The field work for
collection of Typha latifolia and Phragmites australis at Liberty State Park, a brownfield site in
northern New Jersey (Figure 1a), was conducted between 2010 and 2014. The field work in the
Yangtze River estuary, one of the largest estuaries in the world, was conducted in 2006 and
2013, respectively. Phragmites australis and Spartina alterniflora, two abundant local wetland
plant species, were sampled in Chongming Island in the Yangtze River intertidal zone (Figure
1b). All of the samples collected in Liberty State Park were collected along with soils using
stainless steel spades and placed into large plastic containers and then transported to Montclair
State University. Similarly, all of the samples collected in the Yangtze River intertidal zone were
also collected along with soils using stainless steel spades and placed into large plastic containers
and then transported to East China Normal University. Further sample treatments were
conducted at Montclair State University and East China Normal University, respectively. The
bulk soils were easily removed from the plants by gentle shaking by hand. The trace residual
soils on the roots were rinsed off with small amounts (<20 ml) of deionized water. Some of the
root samples were freshly processed for immediate synchrotron radiation measurement. The thin
root cross-sections for synchrotron X-ray microfluorescence (UXRF) measurement were made at
-20°C in the compartment of a cryotome (Cryostat CM1950, Leica Microsystems) by suspending
the root sample in an optimal cutting temperature (OCT) compound (Surgipath Medical
Industries, Surgipath, Canada) that does not infiltrate the specimen. Once the OCT solidified,
the cryotome was used to cut a 20-50 pum thin section of the root samples. The thin sections
were then mounted on a 25 mm x 76 mm quartz microscope slide (SPI Supplies®) for

synchrotron uXRF analysis. For synchrotron transmission X-ray microscope (TXM)



measurement and synchrotron X-ray absorption near edge structure (XANES) measurement to
investigate Fe plaque, each of the root samples was glued on the tip of a needle and then
mounted on a stand. All the samples prepared for synchrotron X-ray measurement were kept in
our low temperature laboratory (4°C) or in a desiccator at the beamline work station before the

analysis.
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Figure 1 Map showing the study areas in (a) Liberty State Park, New Jersey, USA, and (b)

Yangtze River intertidal Zone, China.

2.2 Synchrotron X-ray fluorescence measurement

Synchrotron X-ray microfluorescence (WXRF) images were acquired from National
Synchrotron Light Source (NSLS) X27A Beamline at Brookhaven National Laboratory (Upton,
NY)?°. Briefly, this bend-magnet beamline uses Kirkpatrick-Baez (K-B) mirrors to produce a
focused spot (10 um x 10 um or 15 um x 15 um) of hard X-rays with tunable energy achieved

via Si(111) or Si(311) channel-cut monochromator crystals. In the synchrotron uXRF



measurement, the incident beam energy was fixed at 13.5 keV to excite all target elements
simultaneously. The sample was oriented 45° to the incident beam, and rastered in the path of
the beam by an XY stage while X-ray fluorescence was detected by a 13-element Canberra Ge
array detector positioned 90° to the incident beam. Elemental maps for root cross-section were
typically collected from a 1 mm? sample area using a step size of 10 pm or 20 pum and a dwell
time of 7 seconds. The fluorescence yields were normalized to the changes in intensity of the X-
ray beam (lo) and the dwell time. During the measurement, the X-ray influences were
comparatively low and radiation damage effects were minimal. Data acquisition and processing
were initially performed using IDL-based software at X27A Beamline. Further data analysis was

conducted at Montclair State University.

2.3 Synchrotron transmission X-ray microscope and X-ray absorption near edge microstructure

measurement

Synchrotron transmission X-ray microscope analysis was conducted at National
Synchrotron Light Source (NSLS) X8C Beamline at Brookhaven National Laboratory (Upton,
NY) and Advanced Photon Source (APS) 8BM Beamline at Argonne National Laboratory
(Argonne, IL) that were equipped with a full-field transmission X-ray microscope (TXM)
manufactured by Xradia, Inc %. The newly developed TXM provides a large field of view (40
pmx 40 pum), 30 nm resolution, local tomography, and automated maker-free image acquisition
and alignment 3. By tuning X-ray energy across the absorption edge of the element of
interesting, this TXM technique enables chemical information with high sensitivity 332, In

order to identify Fe plague in the roots, synchrotron X-ray absorption near edge structure



(XANES) measurement were performed on the samples in this study. The energy was set both
below and above Fe K-edge (7112 eV) by scanning the X-ray energy from 7092 eV to 7192 eV
passing through Fe K-edge with a step size of 2 eV. A stack of images was thus obtained. A lens-
coupled scintillator with a 2048 x 2048 pixel camera detector was used to record the images. A
full spectrum for each pixel was extracted for all 1024 x 1024 pixels with 2x2 binning. All the
XANES analysis was carried out using Matlab (MathWorks) and a customized program
developed in house (former Beamline X8C group, NSLS, BNL). Background normalization was
made first for the TXM images with a background image collected at every energy. Synchrotron
XANES fitting was performed with the classic linear combination fitting method as described in
our previous work 312, Synchrotron X-ray absorption near edge microstructure (WLXANES)
spectroscopy was further applied to determine Fe oxidation state of the Fe plaque in the root
epidermis. The standard reference materials, which contain Fe (Fe%), a-Fe,O3 (Fe3*) and FesOs
(Fe** and Fe?* mixture) (Sigma, USA), were used in the measurement. The standard XANES
spectra were collected under the same condition as the root sample XANES measurement and
the pre-edges of Fe®, Fe?*, and Fe®" in the standard reference materials were recorded during the
measurement. According to the defined pre-edge of Fe®, a-Fe20O3 and FezOys, in the standard
reference materials, the Fe pre-edges of the samples were fitted to the Fe pre-edge of the

standard reference materials to determine the Fe speciation of Fe plaque in the samples.

3. RESULTS AND DISCUSSION

Accumulation of Fe plaque in the root epidermis can be a complex biogeochemical

process. Figures 2 and 3 show synchrotron uXRF measurement of Fe concentrations and



distributions in the root samples of Typha latifolia, Phragmites australis and Spartina
alterniflora. Cross-section measurement on Phragmites australis (Figure 2c and 2d) and
Spartina alterniflora (Figure 3d) show apparently difference in Fe concentration between the
epidermis and the vascular bundle. Relatively high Fe concentration was found in the epidermis
of these root samples with a patchy distribution pattern. The results indicate that Fe is not
uniformly accumulated in the root tissue and transported from the epidermis to the vascular
bundle without a concentration gradient. Iron (Fe) is concentrated on the exterior of the root
forming a nearly continuous rind on the root epidermis with high Fe concentrations in several
discrete zones (Figures 2 and 3). Heterogeneous accumulation of Fe forming a surficial rind
found in this study is also consistent with that in other studies 623253435 5 Due to formation

of Fe plaque on or near the root surface, Fe shows a relatively high concentration in epidermis.
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Figure 2. Optical microscopic images of the wetland plant root samples (upper panel) and
synchrotron X-ray fluoresce measurement of Fe distributions in the root tissues (lower panel).
These samples were collected in Liberty State Park, New Jersey. The species of these samples
are identified as follows: (a) Typha latifolia root samples collected at Site 1 in June 2010; (b)
Typha latifolia root sample collected at Site 1 in May 2011; (c) Phragmites australis root sample
collected at Site 1 in May 2011; and (d) Phragmites australis root sample collected at Site 25 in
May 2011. For the synchrotron XRF images in the lower panel, higher fluorescence intensity
(corresponding to higher concentrations) are nearer to pale yellow and lower intensities are
nearer to dark blue according to the color bars. The root thin section is 30 um in thickness. The

resolution is 20 um per pixel.
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Figure 3. Optical microscopic images of the wetland plant root samples (upper panel) and
synchrotron X-ray fluoresce measurement of Fe distributions in the root tissues (lower panel).
These samples were collected in collected in Yangtze River intertidal zone, Chongming Island,
Shanghai. The species of these samples are identified as follows: (a) Phragmites australis root
sample collected in October 2006; (b) Spartina alterniflora root sample collected in October
2006; (c) Phragmites australis root sample collected at Site 2-1 in July 2013; and (d) Spartina
alterniflora root sample collected at Site 4-2 in July 2013. For the synchrotron XRF images in
the lower panel, higher fluorescence intensity (corresponding to higher concentrations) are
nearer to pale yellow and lower intensities are nearer to dark blue according to the color bars.

The thickness of the cross sections is 50 um. The resolution is 15 pm per pixel.
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The presence of Fe plague on plant root surface may affect metal uptake. Because of its
high adsorption capacity, Fe plague can sequester other metals and metalloids by adsorption or
co-precipitation, causing interferences with the availability of these elements in the rhizosphere
and their uptake by and translocation in plants. Therefore, the root epidermis is an important
reservoir for deposition of Fe nanoparticles or Fe plaque although Fe oxide species may vary in
their formation mechanisms, transport pathways, and reactivity towards other metals, such as Cd,
Cu, Co, Cr, Mn, Ni, Pb, and Zn. Previous studies have found that metals in the wetland plants
(e.g., Phragmites australis, Typha latifolia and Spartina alterniflora) have shown significant
correlations (p < 0.001) with Fe in the plant roots, suggesting a close association of these metals

with Fe plaque 2%°,

As shown in Figures 4 and 5, synchrotron TXM measurement on the root samples
indicate the presence of Fe plague in most of these measurement. Since the Fe-based phases can
only be observed at the energy above Fe K-edge (7112 keV), a comparison of the paired images
of each sample unambiguously confirms whether or not the presence of Fe plaque exists in the
sample (Figures 4 and 5). For example, among the samples collected in Liberty State Park Fe
was found in the sample shown in Figure 4 (d) by comparison of both images measured above
and below the Fe edge. This is Phragmites australis root sample collected at Site 25 in May
2011. However, there seems no Fe found in the given sample shown in Figures 4(a), 4(b) and
4(c), which are Typha latifolia root sample collected at Site 1 in June 2010, Typha latifolia root
sample collected at Site 1 in May 2011, and Phragmites australis root sample collected at Site 1
in May 2011, respectively. In addition, among the samples collected in the Yangtze River

intertidal zone, Fe was found in Phragmites australis root samples collected in October 2006 and

12



July 2013, respectively, as shown in Figures 5 (a) and 5(c) by comparison of both images above
and below the Fe edge. However, there seemed no Fe found in the given Spartina alterniflora
root samples collected in October 2006 and July 2013, respectively, as shown in Figures 5(b)
and 5(d). It should be pointed out that, although Fe plaque was not observed in some of these

measurement, it does not mean that there is no Fe plaque present in those root samples.

above edge “/

c. Phragmites australis d. Phragmites australis

Figure 4. Synchrotron TXM XANES investigation of Fe plaque distributions in the root
epidermis. These samples were collected in Liberty State Park, New Jersey. The species are
identified as follows: (a) Typha latifolia root samples collected at Site 1 in June 2010; (b) Typha
latifolia root sample collected at Site 1 in May 2011; (c) Phragmites australis root sample
collected at Site 1 in May 2011; and (d) Phragmites australis root sample collected at Site 25 in
May 2011. Between the paired images in each set, the image on the left side was measured
below the Fe edge, and the one on the right side was measured above the Fe edge. The dark area
in the red circle measured above the Fe edge suggests the presence of Fe plaque. The resolution

is 30-nm per pixel.
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c. Phragmites australis d. Spartina alterniflora

Figure 5. Synchrotron TXM XANES investigation of Fe plaque distributions in the root
epidermis. These samples were collected in collected in Yangtze River intertidal zone,
Chongming Island, Shanghai. The species are identified as follows: (a) Phragmites australis
root collected in October 2006; (b) Spartina alterniflora root sample (Sample #4) collected in
October 2006; (c) Phragmites australis root collected at Site 2-1in July 2013; and (d) Spartina
alterniflora root sample collected at Site 4-2 in July 2013. Between the paired images in each set,
the image on the left side was measured below the Fe edge, and the one on the right side was
measured above the Fe edge. The dark area in the red circle measured above the Fe edge

suggests the presence of Fe plaque. The resolution is 30-nm per pixel.
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Root radial oxygen loss (ROL) rates are considered as the key biotic factor controlling Fe
plaque formation although ROL is not within the topic of this study. The oxygenation of plant
roots by radial oxygen loss (ROL) converts Fe?* to Fe** and results in the formation of Fe-plaque
around roots ® 341, As shown in Figures 4 and 5, the biochemical complexity and heterogeneity
within the rhizosphere may explain unevenly accumulation of Fe on the root epidermis, and the
formation of Fe oxide or hydroxide. In this study, Fe speciation in the root epidermis was
examined. The results indicate that Fe3* is the predominant species of Fe plaque (Figure 6).
There is no other Fe species (i.e., Fe® and Fe?") found in the Fe plaque during the measurement
as shown in Figure 6, although specific Fe-containing mineral phase are not identified in this
study. However, metal biogeochemical cycling by forming less mobile metal-mineral species
with Fe has been reported in previous studies " 223+ 42 In addition, the results from this study
could be also a result of microorganism activities. However, the influence of microbial
activities on Fe plaque formation and persistence is still unresolved due to the complicated

processes that control Fe mobility in natural soils and plants 1% 4345,

4. CONCLUSION

This study is concentrated on the investigation of Fe plague in the wetland plant (Typha
latifolia, Phragmites australis and Spartina alterniflora) root epidermis. With the assistance of
high-sensitivity and high resolution analytical apparatus and techniques provided by synchrotron
X-ray microscope, this (sub)micro-scale investigation that Fe plaque is a cluster of Fe particles

with a predominant species of ferric iron (i.e., Fe*). The synchrotron XRF mapping shows that

15



the distributions of Fe plaque in the wetland plant root cross-section is heterogeneous.
Relatively high Fe concentrations are found in the root epidermis. As a result, this study has
improved our current knowledge of Fe plaque concentration and distribution in the wetland plant

root systems.

10 pm

(a) (b) (c) (d)

B Fe(Fe?

Bl Fe,0,(Fe’ +Fe?)
Figure 6 Synchrotron XANES measurement shows that Fe3+ is the major species in Fe plaque.
The samples are (a) Spartina alterniflora collected in Chongming Island, Shanghai, in July 2013;
(b) Phragmites australis collected in Chongming Island, Shanghai, in July 2013; (c) Phragmites
australis collected in Liberty State Park, New Jersey, in May 2011; and (d) Spartina alterniflora
collected in Chongming Island, Shanghai, in October 2006. The standard reference materials (Fe,
a-Fe203 and Fe304) were used in the measurement. There is no Fe0 and Fe304 found during

the measurement.
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