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Abstract
Aims As a vital polysaccharide related to mechanisms
of plant resistance to trace metal in the root cell wall, the
role of hemicellulose in cadmium (Cd) accumulation in
hyperaccumulators is still unknown. We investigated
hemicellulose modification in response to Cd in two
populations of Sedum alfredii.
Methods Nonhyperaccumulating population (NHP) and
hyperaccumulating population (HP) of S. alfredii were
grown in nutrient solutions with or without 25 μM Cd
for 15 d. Monosaccharide composition of root cell wall
hemicellulose and its remolding mechanisms (e.g. enzyme activity and gene expression) were analyzed by
using gas chromatography-mass spectrometer (GCMS), fourier transform infrared spectrometer (FTIR),

nuclear magnetic resonance (NMR) and quantitative
real-time PCR techniques.
Results In 25 μM Cd treatment, root cell wall hemicellulose in the NHP significantly (P < 0.05) increased and
its hemicellulose-bound Cd was nearly 2.5-fold higher
than that of HP. In the presence of Cd, xylose and
glucose, proved to be the main component of hemicellulose, were higher in the NHP than in the HP owing to
the up-regulation of XET/XEH and encoding gene
(XTH 31). 113Cd-NMR and FTIR results indicated that
hemicellulose with hydroxyl and carboxyl groups of HP
retained less Cd than that of NHP.
Conclusion Hemicellulose modification decreased the
Cd-binding capacity of the root cell wall and increased
the entry of Cd in the shoot of HP S. alfredii.
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Introduction
Cadmium (Cd) is a highly bioavailable trace metal in
sediments and soils (Verbruggen et al. 2013). Cd contamination has received a worldwide concern due to its
bio-accumulation in the food chain, which causes a
serious health threat to the ecosystem (Clemens et al.
2013; Reimann et al. 2019). Root cell wall was regarded
as an important gate to prevent metal ions from entering
into plants (Lux et al. 2010; Li et al. 2015). Previous
reports have revealed that cell wall is the major Cd pool
in plant roots (Li et al. 2015; Carrier et al. 2003; Parrotta
et al. 2015), e.g. cell-wall-bound Cd represents 40%–
80% of total root-bound-Cd in Nasturtium officinale
(Wang et al. 2015), 80% in Boehmeria nivea L (Zhu
et al. 2013) and more than 50% in Triarrhena
sacchariflora (Xin et al. 2018). In addition, cell wall
and its constituent polysaccharides are far from static
biosorbents because they can undergo dynamic changes
to meet the challenge of Cd (Parrotta et al. 2015).
Nevertheless, our knowledge of mechanism underlying
cell wall modification in response to Cd is not comprehensive and sufficient yet.
Plant root cell wall is a complex structure consisting
of pectin, hemicellulose, cellulose, lignin and proteins
(Kochian et al. 2015; Tucker et al. 2018). Numerous
studies have shown that cell wall polysaccharides can
interact with trace metal ions via various physicochemical reactions, as they are rich in functional groups such
as hydroxyl, carboxyl, aldehyde and amino groups (Davis et al. 2003; Cosgrove 2005; Krzesłowska 2011). For
example, cell wall fractionation studies identified Cd,
Pb and Cu mainly accumulated in the cell wall polysaccharides (Chang et al. 1999; Konno et al. 2010; Inoue
et al. 2013). Furthermore, synthesis of polysaccharides
is affected by trace metal in turn (Parrotta et al. 2015).
Plants can enhance the ion-binding amount of cell wall
by increasing polysaccharides to reduce the entry of
metal ions into the cytoplasm (Parrotta et al. 2015).
Therefore, this modification is considered as the plant’s
defense strategy against trace metal. For instance, an
increase in polysaccharides was found in response to
Cd in tomatoes (Krzesłowska et al. 2016), to Al in Zea
mays (Schmohl et al. 2010) and Triticum aestivum
(Hossain et al. 2006). When considering cell wall

polysaccharides modification, pectin has been implicated as the most striking alteration site due to the carboxyl
group of numerous uronic acids on pectin exhibits a
high affinity for metal ions (Krzesłowska 2011). However, despite being an important constituent of cell wall
polysaccharides, few studies have been conducted on
the involvement of hemicellulose in plant resistance to
trace metal.
Hemicelluloses are a complex heterogeneous entity
containing xyloglucans, xylans and glucomannans, acting as the principal site for metal ions sequestration in
root cell walls (Rennie and Scheller 2014; Park and
Cosgrove 2015). Abundant in carboxyl groups with a
high fixation capacity, hemicellulose was proved to be
the main binding site for Cu2+ in Elsholtzia splendens
(Liu et al. 2014). Furthermore, recent studies have noted
that changes in hemicellulose composition can also affect
plant resistance to trace metal (Yang et al. 2007; Zhu et al.
2012a, 2017). Modifications of cell wall hemicellulose
can enhance the Cd-binding capacity of the root, thereby
reducing its toxic effect in Arabidopsis (Zhu et al. 2014;
Wan et al. 2018). Xyloglucan and xylan are known to be
the major components within the cell wall hemicellulose
of spermatophytes (Scheller and Ulvskov 2010). In addition to the accumulation of metal ions, xyloglucan and
xylan can produce self-modification such as acetylation
(Zhang et al. 2017) and fucosylation (Wan et al. 2018)
under trace metal stress. In Arabidopsis tbl27 mutant, the
absence of xyloglucan acetyl group increased its binding
ability to Al and as a result, the plant became more
sensitive than the wild type (Zhu et al. 2014). Specifically,
cell wall hemicellulose modifications are catalyzed by
various modifying enzymes such as xyloglucan
endohydrolase (XEH) and xyloglucan
endotransglycosylase (XET) (Baumann et al. 2007),
which have been characterized as important agents for
the cutting and reconnection of xyloglucan (Sulová et al.
2001). Zhu et al. (2012b) found that the inhibition of root
XEH and XET activity reduced the production of cleaved
xyloglucans and may enhance Al resistance in
Arabidopsis. Moreover, large XTH multigene family
encoding XTH enzymes has been identified as the response of plant to metal toxicity (Kochian et al. 2015).
For instance, Hg and Cu exposure induced the biosynthesis of xyloglucan in cell wall via improving the expression of MtXTH3 in Medicago truncatula (Xuan et al.
2016). Recently, XTH17 and XTH31 are suggested to
exist as a dimer to modulate XET action thereby regulating xyloglucan concentration and accumulating more Al
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in the cell wall of Arabidopsis (Zhu et al. 2014). Taken
together, these data suggest that root cell wall hemicellulose may have evolved peculiar mechanisms in response
to trace metal in different plants. Most researches
pertaining to hemicellulose remolding under metal stress
focus on module and plantation plants in particular
(Parrotta et al. 2015), however, this may not be applicable
to the hyperaccumulating species (Li et al. 2015). In
another word, whether cell wall hemicellulose modification is involved in the process of metalhyperaccumulation, remains unclear.
Sedum alfredii is a non-Brassicaceae Zn/Cd
hyperaccumulator, which exhibiting greater potential
for phytoremediation (Yang et al. 2004). Meanwhile,
S. alfredii is a facultative hyperaccumulator which can
occur in both metalliferous and nonmetalliferous soils
(Li et al. 2018), providing two samples with significant
discrepancy for exploring mechanism of
hyperaccumulators. Populations originating from metalliferous and nonmetalliferous soils were named
hyperaccumulating population (HP) and
nonhyperaccumulating population (NHP) of S. alfredii,
respectively. Although previous experiments have elucidated Cd hyperaccumulation in S. alfredii is partly
regulated by cell wall polysaccharides (Li et al. 2015;
Gao et al. 2014), specific modulating mechanism of
hemicellulose is still vacant. In this study, root cell wall
hemicellulose modification in response to Cd between
NHP and HP of S. alfredii was investigated. Specific
aims of this study were to (1) identify the difference of
Cd-induced hemicellulose monosaccharide in the two
populations of S. alfredii; (2) reveal the mechanism
underlying hemicellulose modification involved in the
Cd hyperaccumulation in HP S. alfredii.

After 2-weekly pre-culturing, healthy and uniform
plants were selected and subjected to nutrient solution
enriched with different Cd supply (0, 5, 10, 25 μM Cd),
with each treatment replicated three times.
Cell wall preparation and fractionation
Plant roots were excised and blotted dry, then frozen
immediately in liquid nitrogen to be pulverized. The
powders were homogenized and transferred to centrifugal tubes. 75% icy ethanol was added into tubes for
immersion and mixing. After 20-min-icy-bath, samples
were centrifuged at 12000 rpm for 20 min, and then the
supernatants were removed. Next, the pellets were homogenized and washed with acetone, methanol: alcohol
mixture (1:1, v/v) and methanol, for 20 min each step.
The solid remnants were dried with N2 blowing (HN
200 Hanon Inc. China) to finally yield the crude cell
wall. The cell wall was fractionated into pectin, hemicellulose 1 (HC1) and hemicellulose 2 (HC2) as previously described by Li et al. (2015).
Cd assay of root cell wall fractions
After a 15-d treatment with Cd (5, 10, 25 μM Cd), roots
were washed carefully with 15 mM EDTA-Na for
30 min to remove the excessive Cd absorpted on the
root surface, then, immersed in distilled water for three
times. Extractions of crude cell wall material were prepared (Zhong and Lãuchli 1993) and digested in HNO3HClO4 (5:1, v/v) for 8–10 h. ICP-MS (Agilent 7500a,
USA) was applied for Cd assay of pectin and
hemicellulose.
113

Cd efflux experiment on root cell wall and shoots

Materials and methods
Experimental designs
HP of S. alfredii was originated from a Pb/Zn diggings
area in Quzhou, China, while NHP of S. alfredii was
obtained from a tea plantation in Hangzhou, China.
Plants were grown in soil mixed with perlite and vermiculite for several generations to minimize the internal
metal concentrations, then shoots were chosen and
transferred to Hoagland nutrient solution. Plants were
grown in a growth chamber with a 14/10 h day/night
cycle and a relative humidity of 70/85% at 26/20 °C.

The whole root of S. alfredii was immersed in the
solution of methano mixed chloroform (1:1, v/v) for 3
d to obtain the dehydrated root cell wall that maintains
the original morphology and structure of root. An isotope tracer technique with 113Cd was produced to characterize the root-cell-wall-to-shoot Cd translocation in
two populations of S. alfredii (Li et al. 2015).
Measurements of root cell wall polysaccharides
Using galacturonic acid (Sigma) as a standard, uronic
acid concentrations were determined according to
Blumenkrantz and Asboe-Hansen (1973). 200 μL
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pectin and hemicellulose extracts were placed into
1.5 ml centrifuge tubes. Subsequently, 1 ml 98%
H2SO4 containing 0.0125 M Na2B4O7·10H2O was
added. After boiling in 100 °C hot water for 5 min,
solution was cooled immediately on ice, and then Mhydro-diphenyl dissolved in 0.15% NaOH was added to
the tube rapidly. After incubation at room temperature
for 20 min, the absorbance value could be measured at
520 nm spectrophotometrically.
Phenol sulfuric acid method was adopted to determine total sugar concentrations of hemicellulose fractions (Dubois et al. 1956) which expressed as glucose
equivalents. The absorbance value was measured spectrophotometrically at 490 nm.
Immunofluorescence localization of cell wall
xyloglucan
Methods used in immunofluorescence localization are
described in detail by Avci et al. (2012). Fresh roots (in
the distance of 3–4 cm from root tips) were sliced into
10–15 μm sections by using a freezing microtome
(SLEE MTC, Germany), then sealed with 3%
(0.03 g ml−1) skim milk powder solution for 1 h. The
glass slide with sealing liquid was placed on the operating board with wet absorbent paper to block the light.
Then samples were incubated with polysaccharide
monoclonal antibody CRCCM99 (diluted with 3% skim
milk powder) for about 2 h. Samples were washed with
PBS for three times, subsequently, labeled with secondary fluorescent antibody (Alexa Fluor 488 anti-mouse Ig
G (H + L), Invitrogen, A11001) under darkness for 2 h.
The glass slide samples were washed with PBS for three
times to be observed and captured photos under a confocal fluorescence microscope (Nikon eclipse 80i,
Japan).
Hemicelluloses monosaccharide determination by gas
chromatography-mass spectrometer (GC-MS)
The combined supernatants from 4% (targeted to extract
HC1) and 24% KOH (targeted to extract HC2) fractions
were dialyzed for 48 h (replace the distilled water every
2 h) after the neutralization (pH = 7) with acetic acid.
Then, these pellets were confirmed by determining
monosaccharide composition with GC-MS (including
acid hydrolysis and derivatisation of monosaccharides
to alditoal acetates) as detailed by Li et al. (2013). All
the above steps were using glassware instead of plastic

products. GC-MS-QP 2010 Plus was used for data
analysis.
Assays of enzyme activity
The double antibody sandwich method by ELISA Kit
(Jiang Lai Biotechnology Co., Ltd. Shanghai, China)
was used to determine the XET/XEH activity. About
0.1 g fresh roots were cut off and frozen by liquid
nitrogen immediately to be pulverized, then added
0.9 ml PBS (pH = 7.4). The sample was centrifuged
and the supernatant was used to assay enzyme activity
by following steps in accordance with manufacturer’s
instructions.
Real-time quantitative PCR analysis
Total RNA of NHP and HP roots was extracted out from
root tips (0–2 cm) using a Column Plant RNAout
(OMEGA, Beijing, China). The isolated RNA was then
transferred to cDNA with the Primescrip™ RT reagent
kit with gDNA eraser (Takara Bio, Inc. Shiga, Japan)
according to manufacturers’ instructions. Quantitative
real-time PCR for expressions of target genes were
performed using Applied Biosystems 7900HT Fast
Real-Time PCR System (Applied Biosystems, USA).
The expression of two selected genes [Xyloglucan
Endotransglucosylase-Hydrolase 17 (XTH17),
Xyloglucan Endotransglucosylase-Hydrolase 31
(XTH31)] related to xyloglucan biosynthesis was analyzed with SYBR Premix Ex TaqII(Takara Bio, Inc.
Shiga, Japan) with pairs of gene-specific primers
(Table S2). In this research, the PCR-cycler program
was carried out under the following progress: initial
denaturation at 95 °C for 30 s, followed by in total
40 cycles of denaturation at 95 °C for 5 s, annealing at
55 °C for 30 s and extension at 72 °C for 30 s. And a
final elongation cycle of 95 °C for 15 s, 60 °C for 15 s
and 95 °C for 15 s. Specificity of amplification was
described by melting curve analysis.
Previous study have conducted against S. alfredii
transcriptome database (Gao et al. 2014) using
Arabidopsis known genes [XTH17 confirmed in Zhu
et al. (2012b); XTH31 confirmed in Zhu et al. (2014)].
In this experiment, the designed primers were amplified
by PCR and the PCR products were sequenced. Primers
with the maximum alignment score (more than 96%)
can be used (Pfaffl 2001). The primers sequences of
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target gene and SaACTIN (used as an internal control)
are listed in Supplementary Table 2.

Results
Cadmium in root cell wall hemicellulose

Fourier transform infrared spectrometer (FTIR)
Experiments were carried out in three series of samples
as follow: cell wall (CW-1), cell wall without pectin
(CW-2), cell wall without pectin and hemicellulose
(CW-3). Cd and non-Cd supplied plants were harvested
after grown for 15 d, then these samples are extracted
from HP and NHP roots, respectively. In addition, FTIR
was used to determine whether xyloglucan can bind
Cd2+, materials used were xyloglucan solution and
xyloglucan subjected to Cd (NO3)2 solutions. After
mixing and shocking for 1 h, solutions were dried to
colloidal substances by Termovap Sample Concentrator
(HN 200 Hanon Inc. China).
Changes of surface functional groups were identified
by using FTIR (Nicolet 6700 Thermo Fisher Scientific
Inc., MA, USA) with performed in the 500 cm−1 and
4000 cm−1 region with 50 scans being taken at 2 cm−1
resolution.
Analysis by 113Cd-nuclear magnetic resonance (NMR)
spectroscopy
500 μL 2.5 M Cd (NO3)2 was mixed with a 500 μL
1 g mL −1 xyloglucan solution. Another sample
contained 2.5 M Cd (NO3)2 dissolved in 1000 μL distilled water. The 113Cd-NMR spectra were obtained on a
Bruker ADVANCE III HD 600NMR with 3.2 mm
magic-angle spinning probes. Samples were packed in
3.2 mm rotors and conducted at static state for 113Cd
high power decoupling (HPEDC) experiments. Spectra
were acquired with SPINAL-64 1H decoupling and a
60 s recycle delay, 40 scans. 113Cd shifts were externally
referenced to 0.5 M Cd (NO3)2 solutions at 108 ppm.
The NMR spectra were fourier transformed, phased and
baseline corrected. The 113Cd-NMR data were processed and analysed using MestReNova 9.0.1 software.
Statistical analysis
All statistical analyses of data were performed using
SPSS (version 20.0, SPSS Inc., Chicago, IL, USA).
Differences between treatments were compared by
Duncan’s multiple range test at P < 0.05. Graphical
work was performed using Microsoft Excel 2016 software, OMNIC and OriginPro 8.0 software.

After exposing to Cd for 15 d, Cd concentration of
shoots was greater in the HP than in the NHP. In contrast, NHP accumulated much more Cd in the root cell
wall than HP (see Fig. 1A and S1). Consistently, this
difference was highly magnified with the 113Cd efflux
experiment results (Fig. 2). The amount of 113Cd
retained in the root cell wall of NHP and HP was 43.2
and 23.9 μg g−1 DW at the end of desorption period
respectively, indicating their potential for transporting
Cd to the shoots is correlated with different binding
ability of the root cell wall. The concentration of Cd in
the root cell wall hemicellulose of NHP and HP was up
to 39.8 and 28.0 μg g−1 DW respectively (Fig. 1B).
Moreover, there were 42–45% of total cell-wallbound-Cd was accumulated in hemicellulose (Fig.
1C). Additionally, hemicellulose 1 accounts for the majority of cell-wall-bound Cd in the two populations
except for pectin, nearly 4–7 folds higher than the
proportion occupied by hemicellulose 2. Overall, results
suggested that root cell wall hemicellulose is involved in
Cd retention in S. alfredii.
Uronic acid and total sugar concentrations were
different in two populations of S. alfredii
In this study, we assayed the uronic acid concentration of cell wall fractions as its levels provide a
measurement of polysaccharide content, and found
that hemicellulose accounted for the largest proportion in S. alfredii. Pectin and HC1 were significantly (P < 0.05) greater in the NHP than in the
HP after exposing to 25 μM Cd for 15 d, whereas
Cd addition did not affect the HC2 concentration
(Fig. 3 A, B, C). The HC1 concentration indicated
by total sugar decreased to 34.2 μg mg−1 cell wall
by Cd toxicity in the HP but increased from 40.7
to 52.1 μg mg−1 cell wall in the NHP (Fig. 3D),
indicating that NHP has a greater HC1 synthesis
mechanism than HP under Cd stress. After the 15day-Cd treatment, there is no difference in HC2
concentration between two populations of
S. alfredii. However, HC2 concentrations of NHP
and HP were increased by 28.0% and decreased
25.2% when compared to the control (no Cd
added), respectively (Fig. 3F).
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Fig. 1 Concentration of cadmium (Cd) in different parts of
nonhyperaccumulating population (NHP) and hyperaccumulating
population (HP) of Sedum alfredii grown for 15 d: (A) root and

root cell wall. (B) pectin, hemicellulose 1 (HC1) and hemicellulose
2 (HC2). (C) Cd accumulation ration of different parts of cell wall.
Error bars are ± SD (n = 4)

Monosaccharide composition of hemicellulose
in the NHP and HP S. alfredii

in Fig. 6, XET and XEH actions in the NHP were 164%
and 41% higher in the presence of Cd than CK. Furthermore, it is found that both XET and XEH action experienced an obvious fall-and-rise process and the
rangeability of XET activity was greater than that of
XEH.

In order to explore which monosaccharide plays a vital
role in Cd hyperaccumulation in cell wall hemicellulose,
GC-MS assay was carried out to decompose hemicellulose 1 and 2 (4% KOH-extractable and 24% KOHextractable, respectively) of two populations into rhamnose, fucose, xylose and glucose. Results showed that
xylose and glucose were the two major monosaccharides with the two highest proportions in hemicellulose
(Table 1). For hemicellulose 1 and 2, concentrations of
xylose and glucose in the NHP were higher than that of
HP with Cd addition (Fig. 5). Cd treatment significantly
enhanced the concentration of xylose and glucose in the
NHP but decreased that of HP. Moreover, consistent
with obtained results, Cd treatment enhanced the fluorescence intensity of CRCCM99 in the NHP than in the
HP (Fig. 4), which might finally result in increasing Cd
binding capacity of root call wall.
Activities of xyloglucan-related enzymes in roots
Cd supply resulted in different responses of XET and
XEH actions in two populations of S. alfredii. As shown
Fig. 2 Time-kinetics of 113Cd
efflux from root cell wall (A) to
shoots (B) of NHP and HP of
S. alfredii. At different time
intervals up to 48 h (per 6 h),
plants were harvested and
concentrations of 113Cd in roots
and shoots were determined by
ICP-MS. Error bars are ± SD (n =
4)

Expression of genes XTH17&XTH31
Under Cd 0, HP retained significantly (P < 0.05) higher
expression of gene XTH31 than NHP. However,
exposuring to Cd resulted in an obvious up-expression
of XTH31 in NHP while HP exhibit totally opposite
response (Fig. 7A). By contrast, the expression of
XTH17 in the HP was much lower than in the NHP
irrespective of Cd supply (Fig. 7B).
FTIR spectra of crude and grading extracted cell wall
Cell wall has many oxygen-containing functional
groups as it contains much polymer-rich polysaccharides. The infrared characteristic peaks of the cell wall
and the cell wall with pectin removal mainly appeared at
3383 cm −1 , 2921 cm −1 , 1729 cm −1 , 1642 cm −1 ,
1516 cm−1, 1423 cm−1, 1244 cm−1 and 1059 cm−1,
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Fig. 3 Concentration of uronic
acid in the root cell wall pectin
(A), hemicellulose 1 (B),
hemicellulose 2 (C) and
concentration of total sugar in the
hemicellulose 1 (D),
hemicellulose 2 (E) of S. alfredii
grown for 15 d. The asterisk *, **
and *** represent significant
differences at P < 0.05, P < 0.01
and P < 0.001, respectively. Error
bars are ± SD (n = 4)

a

***

b

**

*

**
*

d

**

which have been marked on Fig. 8. FTIR spectra shown
in each figure panel from the bottom to the top are cell
wall, cell wall (25 μM Cd added), cell wall with pectin
removed and cell wall with pectin removed (25 μM Cd
added), respectively. According to FTIR spectra (Fig.
8), the intensities of -OH (3400–3375 cm−1) and carbohydrate C-OH (1100–1000 cm−1) were markedly weakened by Cd addition. The FTIR spectra of HP cell wall
(pectin, hemicellulose and cellulose, mainly) was
changed after Cd addition at the peaks of -OH (3388–
3378 cm−1) and carboxylate radical (1426–1420 cm−1)
as well as carbohydrate C-OH stretching vibration between 1242 cm−1 and 1235 cm−1.The same phenomenon can be observed in the cell wall with pectin removal
(hemicellulose and cellulose, mainly), suggesting that
changes of functional groups were key elements in root
cell wall accumulating Cd. Compared to HP, NHP
showed apparent variations of at least three peaks

c

***

e ***

*

characteristic (-OH, O-C=O, O=C-H) in crude and grading extracted cell wall (Fig. 8B).

Xyloglucan can bind cd
The FTIR spectra of xyloglucan showed that the
peak including -OH (3430–3377 cm −1 ) and carboxylate radical (1635–1625 cm −1 and 1421–
1386 cm −1 ) shifted after Cd supply (Fig. 9A),
indicating that these oxygen-containing functional
groups are involved in xyloglucan binding Cd. To
verify whether that xyloglucan can form a complex with Cd, 113 Cd NMR spectra of Cd (NO 3) 2
without and with xyloglucan was produced (Fig.
9B). Changes in the 113Cd chemical shift (from
78.712 ppm to 77.381 ppm) indicated that Cdxyloglucan complexes had been formatted. This
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NHP-Cd25
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FL

Fig. 4 Immunolocalization of
xyloglucan (CRCCM99) in root
cross-sections of NHP and HP
S. alfredii. Two populations of
S. alfredii were treated by nutrient
solution without (CK) and with
25 μM Cd (Cd 25) for 5 d. FL:
fluorescence images; BF: bright
field images

phenomenon further confirmed that xyloglucan
can bind Cd.

Discussion
Different responses of root cell wall hemicellulose to cd
in two populations of S. alfredii
A range of cell wall defense mechanisms including
polysaccharide modification (Colzi et al. 2012;
Chudzik et al. 2018), callose deposition (Chen and
Kim 2009; Hématy et al. 2009) and cell wall thickenings

***

a
***

***

(Krzesłowska et al. 2016, 2019) have been developed to
sequester metal ions from the protoplast in plants grown
in contaminated soils. Recently, considerable attention
has been paid on cell wall polysaccharides in the resistance to trace metal stress (Krzesłowska 2011; Zhu et al.
2012a) and its modification was proved to show different characteristics in different plants (Parrotta et al.
2015; Krzesłowska 2011; Krämer 2010). Certainly,
there is no a universal model applies for all plants cell
wall, but a number of modifications under trace metal
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b

a

b
a
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***

***

**
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d

b

a

a

a

b
b

c
c

c
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Cd concentration in nutrient solution(μM)
Fig. 5 Effects of Cd supply on concentrations of xylose (A) and
glucose (B) in the extractable hemicellulose from the root cell wall
of S. alfredii grown for 15 d. The asterisk ** and *** represent
significant differences at P < 0.01 and P < 0.001, respectively.
Error bars are ± SD (n = 4). Xyl: Xylose; Glu: Glucose

Fig. 6 Activities of xyloglucan endotransglycosylase (A) and
xyloglucan endohydrolase (B) in the roots of NHP and HP
S. alfredii grown for 15 d under different Cd concentration gradient. Letters indicate significant differences between treatments
(P < 0.05). Error bars are ± SD (n = 4). XET: xyloglucan
endotransglycosylase; XEH: xyloglucan endohydrolase
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Fig. 7 Quantitative PCR analysis of the expression of xyloglucan
endotransglycosylase-hydrolase 17 (A) and xyloglucan
endotransglycosylase-hydrolase 31 (B)in the NHP and HP of
S. alfredii. The asterisk ** and *** represent significant differences at P < 0.01 and P < 0.001, respectively. Error bars are ± SD
(n = 4)

stress are related to the increase of polysaccharides
(Krämer 2010). For instance, Al toxicity induced the
concentration of pectin and hemicellulose in the cell
wall of root tips in Al-sensitive varieties of what
(Houston et al. 2016) and rice (Yang et al. 2007). Similarly, we found that the concentration of cell wall HC1
and HC2 increased approximately a quarter by Cd supply in the NHP S. alfredii. Increased concentration of
cell wall hemicellulose in the NHP S. alfredii can be
regarded as a plant adaptation to trace metal
(Krzesłowska 2011). By contrast, concentration of
hemicellulose decreased in the root cell wall of HP when
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exposed to Cd. This result was inconsistent with previous studies (Yang et al. 2007; Chudzik et al. 2018;
Houston et al. 2016), indicating that hyperaccumulators
may have developed a unique resistance mechanism.
Except for total sugar concentrations, hemicellulose
monosaccharides determined by GC-MS also showed
different responses to Cd in the NHP and HP of
S. alfredii. The concentration of xylose and glucose of
NHP were lower than that of HP while significantly (P
< 0.05) exceed HP after adding Cd. Similar responses of
increasing hemicellulose galactoglucomannan oligosaccharides to moderate Cd toxicity were documented in
previous studies on Arabidopsis (Kučerová et al. 2014)
and maize roots (Kollárová et al. 2018). Furthermore,
Cd increased fluorescence intensity of CRCCM99 in the
NHP but decreased that of HP. Collectively, our results
suggest that different tolerance of the two populations of
S. alfredii may result in different responses of hemicellulose to Cd.
To date, several enzymes which catalyze the modification of cell wall network have been identified (Sulová
et al. 2001; Han et al. 2014). For example, XET and
XEH are two important modifying enzymes in the process of xyloglucan shearing and remolding (Song et al.
2018). Obviously, enzyme activity in the NHP was
significantly (P < 0.05) higher than that of HP with
25 μM Cd addition. A previous study found that XET
activity was inhibited by Al treatment in Arabidopsis
(Yang et al. 2011). Nevertheless, in the NHP S. alfredii,
activities of XET and XEH increased with increasing Cd
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Fig. 8 The fourier transform infrared spectrometer (FTIR) spectra
of root cell wall of NHP (A) and HP (B) S. alfredii grown in 0
(CK) and 25 μM Cd (Cd 25) for 15 d. Materials are as follow: NCK/Cd25–1: crude root cell wall of NHP S. alfredii; N-CK/Cd25–
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Plant Soil

a
O=C-O
Xyloglucan+ Cd
1412-1386
Xyloglucan
-CH3
1370 C-OH

-O-H/-N-H
3430-3377
-CH3
2921

O=C-O
1635-1625

1022 C-H
1070
820-750
1151

b
77.381

78.712

Xyloglucan + Cd(NO3)2

Cd(NO3)2

Fig. 9 The FTIR spectra (A) of xyloglucan with and without Cd
supply. 113Cd-nuclear magnetic resonance (NMR) profile (B) of
Cd (NO3)2 solution and Cd (NO3)2 mixed with xyloglucan. No
resonances were observed outside except the chemical shift range
shown

concentration to a certain extent. This might be caused
by different actions of XEH/XET under different metal
stresses. Furthermore, varies activities of enzymes with
the concentration gradient are in agreement with xylose
and glucose concentration in two populations, respectively. Recently, large multigene families of XTHs have
been identified to be against metal toxicity in plants by
influencing the action of XET/XEH and xyloglucan
degrading enzymes (Nishikubo et al. 2011; Singh et al.
2011; Han et al. 2014). Yang et al. (2011) found that Al
inhibits XET action and expressions of XTH14, XTH15
and XTH31 are significantly downregulated by Al in
Arabidopsis roots. Here, we observed that the relative
expression of gene XTH31 of NHP was significantly
higher than that of HP, consistent with the up-expression
of XTHs observed in P. euphratica with low level of Cd

addition (Han et al. 2014), suggesting that Cd2+ exposure can trigger protective responses of XTHs in the root
cell wall of NHP S. alfredii. As a phylogenetic group of
enzymes predicted to contribute to XEH activity (Zhu
et al. 2012b), XTH31 in the NHP can promote XEH
action, which leads to an increase of xyloglucan, and
finally leads more Cd accumulated in the root cell wall.
On the other hand, unlike the expression of XTHs being
induced by metal toxicity in Medicago truncatula (Xuan
et al. 2016), XTH31 expression of HP was suppressed
by Cd stress, implying that Cd were not at the toxicity
level to affect the performance of genes associated with
xyloglucan synthetic in the root of HP S. alfredii.
XTH17 and XTH31 were observed to form a dimer
which was responsible for XEH activity in Arabidopsis
(Zhu et al. 2014, 2012b), however, the prominent opposite up-regulation of XTH17 upon Cd addition indicates
that single gene of XTHs has unusual response to Cd
stress in S. alfredii.
Therefore, it is clear that two populations of
S. alfredii have been elevated different biosynthesis
and regulatory mechanisms of hemicellulose modification driving Cd toxicity. We speculate that this opposite
response of hemicellulose may play a key role of Cd
hyperaccumulation in the HP S. alfredii.
Root cell wall hemicellulose is involved in cadmium
hyperaccumulation
In general, the increase of polysaccharide components
causes more metal ions accumulated in the cell wall,
thus preventing metal ions into the protoplast (Tucker
et al. 2018), which is an important resistance mechanism
to trace metal stress in unstressed plants (Houston et al.
2016; Burton et al. 2010; Wu et al. 2019). However,
studies on hyperaccumulators have shown that the fixation of metal ions by root cell walls is not as stable as
that of other plants (Lasat et al. 1998), which can be
removed from the root and transferred to the shoot (Li
et al. 2007). Similarly, results of time-dependent kinetics
of 113Cd efflux experiment of S. alfredii (Fig. 2) suggested that more cell-wall-desorbed 113Cd was available
for xylem loading in the HP than in the NHP. Our
analysis showed that nearly 70% Cd was found in the
cell wall fraction and more than 40% of total cell-wallbind-Cd was accumulated in hemicellulose. It is noteworthy to mention that, hemicellulose accounts for the
majority of root cell wall polysaccharides of S. alfredii
and its ion-binding sites may be masked by pectin with
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covalent linkage (Kochian et al. 2015), hence the mechanism underlying hemicellulose should not be
neglected.
It is believed that the main binding site of metal
ions in the cell wall is polysaccharides, as the
oxygen-containing functional group with negative
charges has a high affinity with metal ions (Chang
et al. 1999; Pelloux et al. 2007; Douchiche et al.
2007). In this study, hemicellulose was the main
component that adsorbed Cd after the removal of
pectin from the cell wall as the adsorption capacity of cellulose to metal ions is very weak. In
accordance with previous studies (Davis et al.
2003; Krzesłowska 2011), further analysis with
FTIR spectra showed that the carboxyl, hydroxyl
and carboxylate groups in hemicellulose play a
role in binding Cd ions. Moreover, although peaks
of some functional groups in two populations of
S. alfredii waved under Cd treatment, the changes
were not consistent (Table S1), especially the
characteristic peaks at 1729–1724 cm −1 which
assigned to O-C=O associated with acetylation of
xylan (Cheng et al. 2019) only shifted in the NHP.
The main glucose chain structure of xyloglucan is
much the same, but there are different glycosylation patterns in the side chain (Fry et al. 1992;
Günl et al. 2011), thus leading to the diversity of
xyloglucan in different plants (Nunan et al. 1998;
Rancour et al. 2012). We speculate that this phenomenon observed may be related to mechanisms
of hemicellulose modification, which is worthy to
be explored further. Additionally, we found that OH/NH (3383 cm −1) and C-C (1059 cm −1) became
a marked characteristic of peak displacement in
the cell wall without pectin and hemicellulose
(Fig. S2), presumably due to the shrinking of
residual hydroxyl and carboxyl, thus protein amino sugar and cellulose in the chain of C-C turn
into the most important Cd binding sites except
for hydroxyl groups.
Apart from the difference of functional groups in
hemicellulose between two populations, monosaccharide composition, such as xyloglucan and xylan can also
influence the affinities of root cell walls to Cd (Zhu et al.
2017). Consistent with the previous study (Rennie and
Scheller 2014), GC-MS revealed that glucan and xylan
were the main monosaccharide of hemicellulose in
S. alfredii. Based on these results, we propose that
xyloglucan participates in Cd hyperaccumulation due

to its tremendous binding capacity to Cd. This hypothesis was supported by the experimental results of NMR
spectroscopy, which has shown a chemical shift in the
113
Cd-NMR spectrum when Cd interacted with
xyloglucan. Likely, Al is known to chelate with organic
acids in Arabidopsis based on the altered chemical shifts
via 27Al-NMR (Ma et al. 1997). Secondly, the FTIR
spectra also demonstrate that peak assigned to hydroxyl
and carboxylate radical waved after adding Cd. Moreover, the coordination complexation between oxygencontaining functional group of xyloglucan and Cd will
be accompanied by the release of hydrogen ions, the pH
value of the solution will be decreased inevitably (Cui
et al. 2016). As a result, the pH value of xyloglucan
mixture decreased from 3.84 to 3.27 when subjected to
Cd.
In short, our results suggest that differences of
functional groups and xyloglucan in root cell wall
hemicellulose contribute to the different proportion of Cd accumulation in the root, thus resulting
Cd hyperaccumulation in HP of S. alfredii. In
some cases, the trait of metal hyperaccumulation
has shown a phylogenetic signal across lineages
(Broadley et al. 2001; Mengoni et al. 2003;
McCartha et al. 2019), i.e., the metal
hyperaccumulation ability is shared among species. However, conspecific plants may show different metal accumulation abilities due to various
habitats, for the hyperaccumulator phenotype generally results from a genotype plus environment
interaction (Pollard et al. 2002). Anyhow, such
comparative materials belongs to the same species
are of great value in revealing the mechanisms
underlying the hyperaccumulation. To date, many
researches have been done to identify whether two
populations of S. alfredii are the same species
(Yang et al. 2004; Xiong et al. 2004; Deng et al.
2007; Chao et al. 2008; Wu et al., 2013). Although morphological and phylogenetic analysis
suggested that HP S. alfredii was the nearest relative to NHP S. alfredii, there is still lack of
strong evidence to solve this long-standing puzzle.
However, whether two populations are conspecific
or not do not affect our study, because the difference of metal accumulation ability between HP
and NHP is what we are concerned. In the NHP,
larger numbers of hydroxyl and carboxyl groups
of hemicellulose can bind more Cd. By contrast,
lower concentration of hemicellulose in the HP
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indicated that the less Cd was retained in the root
cell wall, so that more Cd can be transported
upward, resulted in HP enhanced Cd migration
into the shoot.

Conclusion
Cadmium induced a significant increase of root cell wall
hemicellulose in the NHP when compared with HP
S. alfredii. Xylose and glucose which proved to be the
main component of hemicellulose were decreased in the
HP, due to the down-regulation of XET/XEH and the
encoding gene related to xyloglucan synthesis. The
abundant functional groups and xyloglucan in hemicellulose of NHP resulted in more Cd bound tightly in cell
wall, while less and looser hemicellulose-bound-Cd was
observed in HP which can be easily transported into the
shoot. Taken together, root cell wall hemicellulose, a
fundamental polysaccharide, plays a pivotal role in Cd
hyperaccumulation by decreasing its retention on roots
in S. alfredii.
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