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ARTICLE INFO ABSTRACT

Keywords: Iron plaque (IP) plays an important role in the absorption of heavy metals (HMs) and nutrients in wetland plants.
Spartina alterniflora The present study aims to investigate the effect of IP in Spartina alterniflora on the immobilization of wastewater
Wastewater

borne HMs and nutrients. The physiological responses and effect of IP formation on the uptake of HMs, nitrogen
(N), and phosphorus (P) were studied in S. alterniflora subjected to different synthetic wastewater (SW) levels
and waterlogging durations. Results showed that IP formed in roots of S. alterniflora increased significantly with
increasing SW concentration but decreased under prolonged waterlogging. Increasing the waterlogging time
enhanced the alcohol dehydrogenase activity and the ethylene content in the roots of S. alterniflora. HMs in-
cluding Cu, Pb, and Cr, did not significantly accumulate in the IP, despite that the IP content increased with the
increasing of SW levels. The SEM-EDX analysis revealed that IP formed on the surface of S. alterniflora did absorb
HMs such as Cu, Zn, and Cr. At a fixed level of SW, the amount of HMs that accumulated in the DCB extract was
substantially proportional to the IP concentration in the root. Increasing of the SW level enhanced the accu-
mulation of P in the leaves and roots of S. alterniflora. In conclusion, IP formed on S. alterniflora helped im-
mobilize SW pollutants, including HMs and P, and the formation of IP and its effect on pollutant immobilization

Heavy metals
Iron plaque
Nitrogen
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were influenced by the waterlogging conditions.

1. Introduction

Due to the development of industrial and agricultural activities and
urbanization, million tons of industrial and domestic sewage dis-
charges, commercial harbors, iron and steel mill constructions have
caused severe pollution in estuary wetlands of Yangtze River delta
(Yang et al., 2012; Wang et al., 2015). Excessive discharge of elements,
such as nitrogen (N) and phosphorus (P), into coastal estuarine areas
has induced massive eutrophication problems (Chai et al., 2006; Yang
et al., 2012). Heavy metals (HMs) in wastewater accumulate on wet-
lands through absorption and coprecipitation (Chibuike and Obiora,
2014). Salt marsh plants, such as Spartina alterniflora and Phragmites
australis, occupy vast regions of the Yangtze River estuary and are
vulnerable to anthropogenic pressures, including increased environ-
mental pollution (Anjum et al., 2014). Salt marsh plants can extract,
accumulate, or stabilize various metal pollutants and significantly re-
duce metal availability in sediments by promoting system auto-re-
mediation through phytoremediation (Weis and Weis, 2004; Chai et al.,
2013; Anjum et al., 2014).

Tidal inundation exerts fundamental influences on the distribution
and survival of salt marsh plants in coastal wetlands (Duarte et al.,

2015; Thakur et al., 2016). Wetland plants can form extensive aer-
enchyma tissues in roots and aerial parts to cope with flooding stress
(Yamauchi et al.,, 2018). The aerenchyma provides a low-resistance
pathway for rapid flux of oxygen (O,) from the aerial plant parts to the
roots. Excessive O, and other oxidizing substances diffuse from the
roots to the surroundings to change the redox environment of the rhi-
zosphere; this process is called radial oxygen loss (ROL) (Smith and
Luna, 2013). ROL not only creates a local oxidative environment for the
rhizosphere of wetland plants but also oxidizes Fe**/Mn?* in pore-
water and leads to the formation of Fe/Mn plaque on the root surface of
wetland plants (Otte et al., 1989). Tidal flat sediments contain abun-
dant metals, such as Fe and Mn, whose valence states are affected by the
redox potential of the sediments and the changes between trivalence
and bivalence states (Khan et al., 2016). Fe>"/Mn®" oxidants (hydro-
xide) precipitated on wetland plant roots can immobilize wastewater-
borne pollutants and enhance their removal. Periodic flooding of tidal
flats changes the redox potential and pH of sediments, thereby altering
the valence states of Fe and Mn and affecting the formation of iron
plaque (IP) and the biological effectiveness of HMs. Previous research
showed that waterlogging can affect the formation of IP by increasing
the root ROL rate (Jackson and Armstrong, 1999). Nevertheless,
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extending the flooding time may inhibit the ROL of the roots because of
cell aging and increased ROL barrier (Xu et al., 2013). The increase in
the root porosity is generally derived from root tissue aging and cavity,
which are related to nutrient levels in root surroundings, plant growth
stage, and resistance of plants under stressful environments
(Shimamura et al., 2003; Striker, 2012). Under anaerobic conditions,
the roots can promote ethylene synthesis, such that they will accelerate
the aging of cells and the formation of aerenchyma tissues to some
extent (Takahashi et al., 2014).

Studies have demonstrated IP formation in the roots of most wet-
land plants, such as Aster tripolium (Otte et al., 1989), Oryza sativa (Lee
et al., 2013), Typha latifolia (Ye et al., 2001) and Bruguiera gymnorrhiza
(Pi et al., 2011). IPs are mainly consisted of amorphous and crystalline
iron oxyhydroxides, which can affect the uptake and translocation of
nutrients and HMs through combination and coprecipitation because of
their large surface area with positive and negative charges (Khan et al.,
2016). Scholars have focused on understanding of the role of IP in
element translocation and achieved contrasting results. IP facilitates the
uptake of elements by acting as a “reservoir.” When plants lack nu-
trients, IP will activate the reserved elements and promote plant uptake
via its strong affinity to the nutrient (Zhang et al., 1999). Other re-
searchers regard IP as “barrier” that inhibits the uptake of elements;
moreover, iron oxides in IP are thought to immobilize HMs and other
anions to restrain their transportation (Pi et al., 2011; Mei et al., 2014;
Yang et al., 2014; Sebastian and Prasad, 2016). As a typical perennial
wetland plant with deep roots and high aboveground biomass, S. al-
terniflora is believed to have a potential for phytoremediation of pol-
lutants in estuarine wetland due to its ability in the phytostabilization
of HMs and nutrients (Weis and Weis, 2004). However, to date, still
very little is known on the formation of IP on the root surface of S.
alterniflora and its role in the uptake of HMs and nutrient elements
under periodic flooding conditions. The present study conducted a
controlled experiment in a climate chamber and aimed to investigate
the formation of IP under the influences of different synthetic waste-
water (SW) levels and waterlogging durations. The significance of IP
formation on the immobilization of HMs and nutrients was also eval-
uated.

2. Materials and methods
2.1. Experimental setup

Healthy seedlings of S. alterniflora with comparable sizes (about
50 cm in height) were collected from the Nanhui wetland of Shanghai in
May 2017. The collected seedlings were grown in 24 polypropylene
(PP) pots [32.5cm (L) X 14cm (W) x 22.5cm (H)]. Each pot con-
tained four seedlings and 18 kg of sediments collected from the ambient
environment in the Nanhui wetland. The texture and other physio-
chemical properties of the sediments are summarized in Table S1. The
pots were placed in an artificial climate chamber with diurnal tem-
perature ranging from 20°C to 30°C, a relative humidity of
70% = 5%, a light intensity of 800-1400 umol photons m ™2 s~ ! with
a 12:12 light:dark photoperiod.

After 14 days of rejuvenation, all the pots were transferred into a
flooding device (Fig. 1). The flooding device mainly includes two parts:
a water tank [52 cm (L) X 38 cm (W) X 28 cm (H)] and a bucket (19 L).
PP pots planted with S. alterniflora were placed in the upper water tank,
and the treatment solutions were placed in the lower bucket. The
treatment solutions in the lower bucket were pumped into the upper
water tank by a sinking pump and kept in the upper water tank for a
given period of time to simulate the periodic tide of the Yangtze river
estuary. The solution in the upper tank was drained to the lower water
tank through a valve to complete a waterlogging cycle. The pots in the
water tanks received waterlogging twice per day.

Twelve pots of S. alterniflora seedlings were chosen to test the effect
of different levels of SW on physiology and IP formation in S.
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Fig. 1. The diagram of the waterlogging systems in this study.

alterniflora. The pots were randomly divided into four groups, with
three replicates each. One group received salt water (10%o0 NaCl) and
served as control. The three other groups were treated with different
SW levels, namely, 5, 10, and 20 SW. The 1 X SW solution was prepared
according to the Shanghai municipal sewage concentration and Chinese
sewage discharge standard by using 0.5mgL ™' NO;-N, 25mgL ™!
NH,"-N, 19.5mg L™! dissolved organic N, 5mg L™! PO, P,
2mgL~' Cu®?*, 5mgL~! Zn®*, 1mgL~' Pb%**, 0.5mgL™" Cr%*,
30mgL~" Fe*, and 10%o NaCl. The 5SW, 10SW and 20SW treatments
were prepared using 5, 10, and 20 times of 1 X SW, respectively. All the
treatments were flooded with the treatment solution as described above
to a height of 5 cm above the soil surface twice a day for 8 h per day in
total (7a.m. to 11a.m. and 7 p.m. to 11 p.m.) to simulate the semi-
diurnal tides of the Yangtze estuary.

Four other groups were used to test the effect of different times of
waterlogging on plant physiology, IP formation, and pollutant uptake
and translocation in S. alterniflora. The four groups were treated with 10
SW as described above and subjected to different durations of water-
logging every day: namely, Oh + 10SW (normal irrigation to keep the
soil wet), 4 h + 10SW (flooding from 7 a.m. to 9 a.m. and from 7 p.m. to
9p.m.), 8h + 10SW (flooding from 7-11 a.m. and from 7-11 p.m.), and
12h + 10SW (flooding from 7 a.m. to 1 p.m. and from 7 p.m. to 1 a.m.
of the next day). One group received only salt water (10%o0 NaCl) and
served as control. All the treatment solutions were replenished every 7
days until the end of the experiments.

Samples were obtained 45 days after the experimental treatment.
One plant in each replicate was selected for root IP extraction and
porosity measurement. During sampling, the plant was carefully re-
moved from the pot. The residual soil attached to the root was first
washed with tap water and rinsed three times with deionized water.
After drying with absorbent paper, a piece of 8-12 cm lateral root was
selected and cut into 1 cm pieces. About 0.1 g of the root piece was used
for IP extraction, and another 0.1 g was used for root porosity de-
termination. The root sample was fixed with FAA for subsequent en-
vironmental scanning electron microscopy observation of IP distribu-
tion. The roots, stems, and leaves of the remaining plants were
separated, crushed, mixed thoroughly, rapidly frozen in liquid N, and
stored at —80 °C until further analyses. Soil samples of each replicate
were also collected, dried, and used for determination of HMs as well as
N and P.
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2.2. Measurement

2.2.1. Root porosity

Root porosity was measured using a pycnometer according to the
method described by Jensen et al. (1969). The lateral roots of S. alter-
niflora were rinsed thoroughly with deionized water to remove ad-
hering sediments. The roots were cut into segments with length of about
2cm. About 0.1g of the root segments were weighed in a 25mL
pycnometer. The pycnometer was filled with distilled water and
weighed on an analytical balance. The weight was recorded as W, ,,.
The root was removed from the pycnometer, dried with absorbent
paper, and immediately weighed on the analytical balance. The weight
was recorded as W,. The root segments were ground into paste with a
mortar and returned entirely to the pycnometer. The pycnometer bottle
was filled with distilled water and weighed again. The weight was re-
corded as Wy,. The weight of the pycnometer filled with water only was
recorded as W,,. All measurements were carried out at room tempera-
ture (25 °C). Root porosity was calculated according to the equation
below:

% POI'OSity = 100(Wh_‘Nr+w)/(Ww + ‘Nr_\Vr+w)

2.2.2. IP content and HM concentration in IP

IP on the root surface was extracted by dithionite—ci-
trate-bicarbonate (DCB) method according to Taylor and Crowder
(1983). About 0.1 g of fresh lateral root was agitated in 10 mL of pre-
cold DCB solution containing 0.3molL™! sodium citrate
(Na3C¢Hs0,2H,0), 1molL™! sodium bicarbonate (NaHCOj), and
60 gL_1 of sodium dithionite (Na;S,04) at 25 °C for 3h. The DCB ex-
tract was poured into 25 mL volumetric flask, and the roots were rinsed
three times with deionized water. The washes were combined up to a
constant volume. The concentrations of Fe, Cu, Zn, Pb, and Cr in the
solution were determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES, ICAP-7400, Thermo Fisher Inc., USA)

2.2.3. Concentrations of HMs, N, and P in plant tissues

The concentrations of HMs in different plant parts were determined
by wet digestion method. After sample collection, all the plant parts
were dried at 60 °C to a constant weight and ground. About 0.2 g of the
dried plant tissue was digested in a polyfluortetraethylene (PTFE)
beaker containing 10 mL of nitric acid, 5 mL of hydrofluoric acid, and
5mL of perchloric acid. The PTFE beaker was heated on an electric hot
plate at 200 °C for 3 h. During the digestion, the lid of the PTFE beaker
was kept covered to avoid the splashing of the digest. After digestion,
the remnant in the beaker was dissolved and washed three times with
5 mL of 1% nitric acid. The washes were combined in a volumetric flask
and added with deionized water up to 25 mL volume. The concentration
of HMs was determined by ICP-AES (ICAP-7400, Thermo Fisher Inc.,
USA). Certified reference material (CRM) of carrot from GBW10047
(GSB-25) was used for quality control. The average recovery rates for
Cu, Zn, Pb, and Cr in CRM were 96.02% =+ 3.69%, 90.19% = 5.40%,
105.02% = 13.31%, and 93.06% *+ 7.61%, respectively.

The contents of carbon (C) and N in the plant tissues were de-
termined by a CHN analyzer (Vario Macro CNS, Elemental Analyzer,
Germany). P content in the plant tissues was determined by mo-
lybdenum (Mo)-antimony (Sb) colorimetric method according to Tsang
et al. (2007). An aliquot of 0.1 g of dried plant tissue was digested in
4 mL of concentrated sulfuric acid (H,SO,4) overnight and heated on an
electric hot plate at 200 °C until the solution becomes homogeneous.
The solution was added with hydrogen peroxide (H,O5) until it became
colorless. The solution was made up to a constant volume of 50 mL,
diluted five times, and added with 2.5 mL of Mo-Sb-Vc to determine
absorbance at 700 nm. The recovery rate for P is 92.19% =+ 1.279%.

2.2.4. ADH activity and ETH content in the root of S. alterniflora
ADH activity and ETH concentration in the plant roots were
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determined using an enzyme-linked immunosorbent assay kit
(Rapidbio, USA) according to the instructions of the manufacturer.
About 0.1g of the root sample was homogenized with 1.5mL of
10 x phosphate buffer consisting of 137 mmol L™ ! NaCl, 2.7 mmol L~ *
KCl, 8mmolL™! Na,HPO,, and 1.46 mmolL~! KH,PO,. The homo-
genates were centrifuged at 12,000 rpm for 5min at 4 °C, and the su-
pernatant was used for determination. The standards of ADH or ETH
and the samples were placed into microplate wells with horseradish
peroxidase (HRP)-conjugated ADH or ETH and then incubated. A
competitive inhibition reaction was started between ADH or ETH and
HRP-conjugated ADH or ETH with the precoated antibody specific for
ADH or ETH. The optical density of the wells was read at 450 nm by
using a microplate reader (Infinite 200 Pro, Tecan Group Ltd.,
Switzerland). The detection limit of this assay for ADH and ETH were
0.1 UmL™! and 10.0 pmol L ™2, respectively.

2.2.5. Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) microanalysis

The collected root samples were washed by tap water and rinsed
three times with deionized water. The lateral root was fixed in 2.5%
glutaraldehyde in 0.1 mmol L™ ! phosphate buffer (pH 7.2) for 8 h and
dehydrated by ethanol. IP in the root of S. alterniflora was observed by
SEM. During the observation, root specimens were mounted on alu-
minum mounting stubs, coated with gold—palladium, and visualized
with SEM-EDX (JSM-6390A, JEOL Ltd., Japan) under 20kV accel-
erating voltage and data collection time of 60 s. Fe and HMs present on
the surface and transverse section of the root was localized by X-ray
mapping through EDX analysis.

2.3. Statistical analyses

The mean and standard deviations of the three replicates for each
treatment were calculated. Parametric one-way ANOVA and post-hoc
multiple comparison (Tukey's test) were conducted to determine sig-
nificant differences in different parameters after treatment with dif-
ferent SW levels and water inundation times. All the data were sub-
jected to homogeneity test before Turkey's multiple comparison.
Statistical analyses were performed in SPSS version 16.0.

3. Results

3.1. Root porosity of S. alterniflora treated with different SW levels and
waterlogging times

The root porosity increased with increasing SW level (Fig. 2A) and
waterlogging time. The root porosity significantly differed between
treatments with 0 + 10SW and 12h + 10SW (Fig. 2B). Under pro-
longed waterlogging treatment (i.e., 12h + 10SW), the plant showed
victim symptoms, as indicated by leaf wilting and root necrosis.

3.2. Formation of IP on the root surface of S. alterniflora

The IP content significantly increased with increasing of SW level.
The IP content in different SW treatment groups was twice as high as
that in the control (Fig. 3A). However, the IP content was not sig-
nificantly different among SW treatments (Fig. 2A). Under the com-
bined treatment of waterlogging and SW, the highest IP content was
observed under the treatment with the shortest waterlogging time and
SW level (Oh + 10SW). The IP content decreased with increasing wa-
terlogging time (Fig. 3B). The IP content in the root of plants treated
with prolonged waterlogging (8 h + 10SW and 12h + 10SW) declined
to the levels of the control (3.4373 mg g~ ! DW). The formation of IP on
the surface and transverse section of the S. alterniflora root were vi-
sualized with SEM-EDX (Fig. 3C). The EDX map of the transverse sec-
tion showed the amount of IP formed under the control treatment was
significantly lower than that under SW treatment. The root cells were
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Fig. 2. Changes of root porosity of S. alterniflora under (A) different levels of SW treatments and (B) different waterlogging time treatment with SW (values are mean
and SD; for each parameter, data with different letters are significantly different at P < 0.05).

discernible with little sign of deformation (Fig. 3C). The roots of S.
alterniflora under the 5SW treatment showed relatively higher IP de-
position than that under the control probably because of the collapse of
outer tangential cell walls (Fig. 3C). The highest level of IP deposition
was observed in the treatment with the highest SW level (20SW), and
the root surface exhibited serious shrinkage and deformation (Fig. 3C).
IP mainly precipitated on the root surface of S. alterniflora mainly as
amorphous phase but rarely as crystalline phase (Figs. S1A and 1B). The
EDX analysis on the root surface of S. alterniflora showed that the
amorphous and crystalline phases of IP were mainly composed of Fe-
rich compounds (Fig. S1). HMs including Cu, Zn, Pb, and Cr did not
show any obvious correlations with Fe on the root surface of S. alter-
niflora under the 5SW treatment (Fig. S1).

3.3. Changes in ethylene content and ADH activity in the root

ADH is the main enzyme involved in the detoxification of ethanol in
plants under anaerobic waterlogging conditions. The ADH activity in
the root of S. alterniflora was significantly enhanced in the treatment
with low SW levels (5SW) and returned to the control levels after
treatment with high SW levels (i.e., 10SW and 20SW; Fig. 4A). The root
ADH activity increased with prolonged waterlogging at the same
strength of SW (10SW). The ADH activity significantly increased in the
treatments with the highest SW level and waterlogging time
(12h + SW, Fig. 4B). Increasing the SW level did not show any sti-
mulatory effect on the ethylene content in the roots of S. alterniflora
(Fig. 4C). However, the ethylene content increased significantly with
increasing waterlogging time (Fig. 4D).

3.4. Content of HMs in plant tissue and IP

Increasing the SW concentrations significantly enhanced the accu-
mulation and translocation of all HMs in the leaves and roots of S. al-
terniflora but did not significantly affect the concentrations of HMs in
the DCB solution (IP extract, Fig. 5). In specific, the concentrations of
Cu, Pb, and Cr in the leaves and roots significantly increased with in-
creasing SW concentration (P < 0.001), but the changes in the con-
tents of these HMs in the DCB extract were not significantly different
from those in the control (Fig. 5A). However, the Zn concentration in
the DCB extract varied significantly with SW treatment and sig-
nificantly increased after treatment with the highest SW level (Fig. 5B).
These results were supported by the EDX analysis on element compo-
sition in the roots under 20SW treatment. Among all HMs, Fe and Zn
showed significant accumulation in the surface layer of the S. alterni-
flora root (Fig. S1 in the Supplementary materials). At low levels of SW
(5SW and 10SW), the concentrations of different HMs in the roots were
higher than those in the leaves. However, at the highest level of SW

(20SW), the leaves of S. alterniflora had significantly higher con-
centration of Cu, Zn, and Cr than the roots (P < 0.05). All four metals
increasingly accumulated in the leaves with increasing SW level.

Under treatment with the same strength of SW and different wa-
terlogging times, the accumulation of all HMs in the leaves of S. alter-
niflora were the highest under treatments with 4h + 10SW and
8h + 10SW; the concentrations returned to the control level under
shorter (Oh + 10SW) or longer waterlogging time (12h + 10SW,
Fig. 6). The accumulation of HMs in the roots of S. alterniflora under
0h + 10SW was comparable with that in the control. Increasing the
waterlogging time significantly enhanced the accumulation of Cu, Zn,
and Cr in the root of S. alterniflora (Fig. 6). Metals that accumulated in
IP were evaluated by measuring their concentrations in the DCB extract.
The concentrations of Cu, Zn, and Cr in the DCB extract were the
highest under Oh + 10SW treatment; their concentrations in the DCB
extract were significantly higher than those in the leaves and roots
(P < 0.05). Increasing the waterlogging time decreased the con-
centrations of Cu, Zn, and Cr in the DCB extract, and such concentra-
tions were lower than those in the roots (Fig. 6A, B, and D).

3.5. Changes in the contents of N and P in plant tissues under SW and
waterlogging treatments

Based on the one-way ANOVA, the N content in the leaves of S.
alterniflora decreased with increasing SW levels. Multiple comparisons
indicated that the N content in the leaves was not significantly different
among SW treatments; however, the root N content was not affected by
SW treatment (Fig. 7A and B). The P concentration in the root of S.
alterniflora significantly increased with increasing SW level (Fig. 7C)
and prolonged waterlogging (Fig. 7D). In the leaves, the P content de-
creased significantly with increasing waterlogging time, and the lowest
level was observed under treatment with 12h + 10SW (Fig. 7D).

4. Discussion

The formation of IP in wetland plants is mainly induced by O, re-
lease, porewater Fe>™ oxidation, and iron oxide precipitation on the
root surface (Armstrong et al., 1992). The availability of O, and Fe?" in
the rhizosphere sediments are considered as two major limiting factors
(Taylor et al., 1984). In the present study, the IP concentration in the
root of S. alterniflora increased uniformly among different SW treat-
ments compared with that in the control group, and the root porosity
significantly increased (Figs. 2 and 3). Hence, SW treatment promoted
the formation of IP possibly by increasing root porosity. This result is
consistent with those presented in previous studies. Wetland plants
with high root porosity and ROL tend to form Fe/Mn plaque (Yang
et al., 2014). Increasing the SW concentration increased the contents of
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Fig. 3. IP concentration in roots S. alterniflora under (A) Different levels of SW treatments and (B) different waterlogging time treatment with SW (values are mean
and SD; data with different letters are significantly different at P < 0.05); (C) the SEM observation of the surface (the top row), transection (the middle row) of the
root of S. alterniflora and the energy dispersive X-ray microanalysis of Fe of the root transection (the bottom row).

HMs and organic matter, which might aggravate reduction in the redox
potential of the sediments and the porosity of the root, leading to an
increase in the amount of oxygen in the root (Pi et al., 2011). In the
present study, the amount of IP formed was not significantly different
among SW groups probably because of the same Fe?* concentration in
the culture medium; moreover, the root porosity did not vary sig-
nificantly among different SW treatments. Increasing the SW level also
introduced P and N into the substrate. According to a previous study, a
P-rich environment might inhibit the formation of IP on the root surface
(Cheng et al., 2012; Khan et al., 2016). With increasing of the SW level,
the P content in the culture substrate increased which might offset the
influences of the increased root porosity on IP formation. Mei et al.
(2014) found that wastewater treatment significantly induced IP for-
mation in the roots of six wetland species but decreased the rates of
ROL and root porosity.
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In wetland plants, aerenchyma is formed constitutively, and the
formation can be induced under waterlogging conditions (Yamauchi
et al., 2018). In the present study, increasing the waterlogging time in
treatments with the same strength of SW increased the root porosity
(more aerenchyma tissues) in S. alterniflora. The root porosity under
treatment with 12h + 10SW was significantly higher than that under
treatment with the shortest waterlogging time (0 h + 10SW). However,
the highest amount of IP was formed under treatment with 0 h + 10SW
(Fig. 3). Previous studies showed that the aeration conditions of the
sediments and the oxidizing capacity of the plant roots can influence
the formation of IP in the roots of wetland plants (Cheng et al., 2010; Xu
et al., 2018). Our previous study also showed that S. alterniflora pos-
sessed the highest amount of IP formed under the shortest waterlogging
time (3h per day) with HM treatment; the formation of IP generally
decreased with increasing waterlogging time (Xu et al., 2018). These
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results could be attributed to the fact that the rhizosphere of the plants
under O h + 10SW treatment is more oxic than those under treatment
with long waterlogging time; the more oxic nature of sediments favored
the oxidation of Fe?* and the formation of IP. With increasing water-
logging time, the formation of IP was inhibited despite the significant
increase in the root porosity. This finding could be due to the necrosis of
root tissues under prolonged waterlogging with SW treatment (i.e.,
12h + 10SW). Root porosity is mainly derived from the development
of aerenchyma tissues in the roots of wetland plants; the development
of the aerenchyma is mainly induced by lysigeny (cell death and dis-
solution), which is controlled by internal and external stimuli, such as
hypoxia and ethylene (Takahashi et al., 2014; Yamauchi et al., 2018).
In the present study, the ethylene content in the roots of S. alterniflora
increased significantly with increasing waterlogging time because of
root tissue necrosis and hypoxia. S. alterniflora treated under prolonged
waterlogging showed apparent victim symptoms, such as leaf wilting
and root necrosis, which could aggravate the transportation of oxygen
from the above-ground plant parts to the below-ground part; this phe-
nomenon leads to the decreased root ROL of the plants. In general,
hypoxia due to waterlogging stress may enhance ethylene synthesis.
The increase in the ethylene content can upregulate the activity of
cellulase, which accelerates the separation and decomposition of the
cytoplasm and the development of aerenchyma tissues (Yin et al.,
2013). In the present study, the increase in the root porosity with in-
creasing waterlogging time may lead to the increase in the ethylene
concentration in the roots of S. alterniflora.

Ethanol toxicity is a primary cause of injury and death in plants
under flooding conditions (Maricle et al., 2014). ADH, which is the
major enzyme produced by plants under anaerobic waterlogging con-
ditions, can catalyze the conversion of toxic ethanol into acetaldehyde
and help plant roots avoid ethanol damage caused by hypoxia (Wang
and Zhang, 2001). Maricle et al. (2014) found that flood-tolerant spe-
cies, such as S. alterniflora, Spartina patens, and Phragmites australis, are
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more tolerant to ethanol toxicity than flood-sensitive species. In the
present study, increasing the waterlogging time significantly increased
the root ADH activity, ethylene production, and aerenchyma tissue
development. Hence, S. alterniflora exhibited a certain degree of toler-
ance to hypoxic conditions. Pezeshki et al. (1993) found a close re-
lationship between root hypoxia and increase in ADH activity, ethylene
production, and aerenchyma tissue development in S. patens; the en-
hanced ADH activity and ethylene production in plants subjected to
hypoxia have adaptive significance for plants under hypoxic conditions.
The high ADH activity indicated that the aerenchyma in the roots of S.
alterniflora cannot sufficiently provide the required amount of oxygen
for aerobic respiratory demand. Mendelssohn et al. (1981) suggested
that the aerenchyma tissue in S. alterniflora can only provide sufficient
oxygen to the roots for predominately aerobic respiration in moder-
ately, but not highly, reduced substrates. The transplantation of
streamside S. alterniflora swards into the more waterlogged and less
productive inland marshes caused rapid decreases in the soil redox
potential and increases in the root ADH activity (Mendelssohn and
Mckee, 1988).

IP can bind to HMs and nutrient elements by adsorption and co-
precipitation and thus affects their accumulation and transportation in
plants (Khan et al., 2016). However, the precise effect of IP on the
absorption of trace metals and nutrients is inconclusive. Opposing
views have been proposed, that is, IP on the root surface can prevent or
promote the absorption of HMs and nutrient elements (Zhang et al.,
1999; Ye et al., 2001; Thakur et al., 2016). In the present study, in-
creasing the SW level did not increase the accumulation of HMs in the
DCB extract but increased the amount of IP formed. Hence, the increase
in HM accumulation in S. alternifiora followed a dose-dependent pattern
and might be irrelevant to IP formation in the roots. However, the re-
sults of the waterlogging experiment showed that HMs that accumu-
lated in the DCB extract was substantially proportional to the con-
centration of IP in the root. The formation of IP under nonwaterlogging
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Fig. 7. N (A&B) and P (C&D) contents in roots and leaves of S. alterniflora under different levels of SW treatments and different waterlogging time treatment with SW
(values are mean and SD; data with different letters are significantly different at P < 0.05; no letter appended if the data were not significantly different).

conditions (i.e. 0 h + 10SW) might favor the accumulation of HMs in
IP; the accumulation of HMs in the roots and leaves of S. alterniflora was
significantly inhibited compared with that under prolonged water-
logging (Fig. 6). The SEM-EDX analysis also revealed that IP formed on
the surface (either amorphous or crystalline phase) of S. alterniflora
absorbed HMs such as Cu, Zn, and Cr (Fig. S1). The highest amount of
IP formed under SW and waterlogging treatments was more or less
comparable, but the effect of these treatments on HM absorption was
different. These two contradictory results imply that the function of IP
on the absorption of HMs is dependent on the aerobic/anaerobic con-
dition of the sediments. The waterlogging conditions considerably in-
fluence the availability of HMs in the sediments (Calvo-Cubero et al.,
2016). With increasing waterlogging time, the sediment redox potential
decreased, and insoluble Fe** and Mn®*/** (hydr) oxides were re-
duced into soluble Fe>* and Mn?™; this phenomenon led to release of
the absorbed HMs to sediment porewater and increase in the bioa-
vailability of HMs in plants. Therefore, the uptake of HMs by plants was
significantly enhanced under long waterlogging time (Fig. 6). The se-
diments in the O0h + 10SW treatment are more oxic than those under
waterlogging treatments. More metal ions were immobilized by triva-
lent Fe/Mn (hydr)oxides through coprecipitation or adsorption, and the
uptake of these metals was restrained. The precise role of IP in the
uptake of HMs by plants may be regulated by sediment physiochemical
conditions, such pH. Batty et al. (2000) suggested that IP formed in the
roots of P. australis may impede the uptake of Cu to the shoot under
high pH condition (6.0); this effect will be masked by H* ions under
low pH condition (3.5). In estuarine wetlands, the pH of acid sulfate
sediments usually decreased with increasing flooding time (Michalcova
et al.,, 2011). We could hypothesize that the relatively long water-
logging time in the present study (i.e., 8h + 10SW and 12h + 10SW)
made the sediments to be more acidic than treatment without
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waterlogging and led to impaired HM absorption into IP.

In this study, increasing the SW level increased the accumulation of
P in the leaves and roots of S. alterniflora but did not significantly affect
N content. Treatment with increased waterlogging time but the same
strength of SW enhanced P accumulation in the roots. The increased
uptake of P in the roots and leaves of S. alterniflora might enhance IP
formation in the roots. These results are consistent with those in pre-
vious studies. Hence, IP might enhance the accumulation of P in the
below- and/or above-ground parts of rice (Oryza sativa L.) (Zhang et al.,
1999) or other wetland plants, such as Pilea cadierei (Yang et al., 2011)
and T. latifolia (Cao et al., 2013). The underlying mechanism for the
improved nutrient uptake remains unclear. A possible mechanism is
that P can be exchanged or form a complex with OH groups in IP, which
will be a P reservoir, thereby enhancing the diffusion of P into the roots
of the wetland plant and increasing the P concentration in the shoots
(Zhang et al., 1999; Xu et al., 2009; Khan et al., 2016). The decrease in
the N content in the leaves may be induced by high wastewater con-
centration, which could hinder the synthesis of organic compounds in
the leaves.

5. Conclusion

This study revealed that the amount of IP formed in the root of S.
alterniflora increased with increasing SW level under periodic water-
logging for 8 h per day. The enhanced formation of IP under the SW
treatment could be attributed to the increase in the root porosity. At a
fixed SW level, the formation of IP in the root of S. alterniflora was
inhibited by increasing the waterlogging time, but the root porosity
increased significantly. Increasing the SW level did not enhance the
accumulation of HMs in the DCB extract. The increase in the HM ac-
cumulation in S. alterniflora followed a dose-dependent pattern. The
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highest amount of IP formed under treatment with the highest SW level
and nonwaterlogging condition was more or less comparable, but their
effect on HM absorption was different. Based on the experiment with
different waterlogging times, the amount of HMs that accumulated in
the DCB extract was substantially proportional to the concentration of
IP in the root. The presence of IP under nonwaterlogging conditions
(i.e. 0h + 10SW) favored the accumulation of HMs in IP. The accu-
mulation of HMs in the roots and leaves of S. alterniflora was sig-
nificantly inhibited compare with that under prolonged waterlogging
treatment. The SEM-EDX analysis also revealed that IP formed in S.
alterniflora could absorb HMs and affect their translocation in plants.
The present study validated some results of our previous study that
long-time water inundation did harm to the health of S. alterniflora
while favored the stabilization and accumulation of HMs in the sedi-
ments and in plants (Sun et al., 2018), and further revealed that ap-
propriated water inundation time favored the formation of IPs and the
accumulation of HMs in roots and leaves of S. alterniflora, and should
be considered in the construction of artificial wetlands for wastewater
treatment. The actual effect of IP on HM and nutrients translocation
under aerobic/anaerobic condition should be further investigated,
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