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A B S T R A C T

Artemisia annua is cultivated mainly for isolation of artemisinin, a potent antimalarial compound. Moderate salt
stress has been proved to increase the artemisinin synthesis by the plant. The aim of this study was to evaluate
the influence of salt stress on physiological parameters and cell wall polysaccharides of A. annua. Plants sub-
jected to salt stress displayed reduction in the biomass and length and showed high damage of cellular mem-
branes. Cell wall polysaccharides extracted from aerial parts with hot water, EDTA and NaOH also exhibited
modifications in the yield and monosaccharide composition. The main changes were found in the pectic poly-
saccharides: increase of homogalacturonan domain, increase of neutral side chains and increase in the methyl
esterification. 1H NMR analyses of pectins indicated that for A. annua, arabinans have an important role in
coping with salt stress. Hemicellulose domain was also modified under salt stress, with increased xylose contents.
The results indicated adaptations in the cell wall of A. annua under salt stress.

1. Introduction

Artemisia annua L. (Asteraceae), also known as sweet wormwood, is
a medicinal plant, source of artemisinin [1]. In order to supply the
demand for the compound, this plant has been widely cultivated in
China, Turkey, Vietnam, Afghanistan and Australia [2]. Plant growth
and productivity is adversely affected by several abiotic and biotic
stress factors, including salt stress, which is the major environmental
stress [3]. Natural salinization affects about 1 billion ha and human
induced salinization, through irrigation for example, occurs on around
77 million ha [4]. Sodium chloride is the main salt that inhibits cell
division and expansion in these saline environments [5].

Although salt stress negatively affects the plant development, it has
been demonstrated that moderate salt stress increases artemisinin bio-
synthesis in A. annua [6,7]. Under this condition A. annua demonstrated
reduction of plant growth and biomass accumulation, oxidative stress,
decrease of chlorophyll content and inhibition of nitrate reductase and
carbonic anhydrase activities [6,8]. However, salt stress may also affect
others aspects of plant development, such the composition and archi-
tecture of cell wall [9,10], which has not been evaluated in A. annua

yet.
The cell wall is a dynamic and complex structure of plant cell, which

is fundamental to the plant growth and mediates the interaction be-
tween the cell and its environment [11]. Under abiotic stress, the cell
wall architecture is modified in order to tolerate the new environmental
condition [11]. Changes in the total sugar content, monosaccharide
composition and extractability of polysaccharides in response to salt
stress have been reported for cell wall of coffee plants [9], grapevines
[10] and soya beans [12]. For the seagrass specie Ruppia maritima,
sulfated polysaccharides were found in response to high salinity. In the
absence of salt, sulfated polysaccharides completely disappeared, sug-
gesting that sulfated polysaccharides in plants is an adaptation to high
salt environments [13].

Xie et al. [14] reported the presence of sulfate in five polysaccharide
fractions isolated from the leaves of Artemisia tripartita. However, none
of the accepted cell wall models describe the presence of sulfated
polysaccharides in terrestrial plants [15,16]. Typically, they are found
in marine angiosperms [17] and algae [18]. Thus, we hypothesize that
high salinity might trigger the biosynthesis of sulfated polysaccharides
in Artemisia sp.
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Therefore, the aim of the present work was to describe the main
changes in the cell wall polysaccharides from aerial parts of A. annua
grown under salt stress conditions and investigate if sulfation was one
of responses to salt stress.

2. Results and discussion

2.1. Effects of salt stress on the physiological parameters of A. annua

Soil salinity is an important factor which hampers crop productivity
by altering several aspects of plant physiology [19]. Soil is considered
saline, when the electrical conductivity (ECe) is 4 dS/m or more, which
is equivalent to approximately 40 mM NaCl [20]. However, plants ex-
hibit different sensibility to salt stress. For A. annua, NaCl concentration
between 60 and 200 mM has been used in previous experiments [6–8].
In the present study, A. annua plants were exposed to a moderate salt
stress (100 mM NaCl) and severe stress (200 mM NaCl).

Salt stress negatively affected the growth of A. annua plants. After
45 days, average length of plants treated with 100 and 200 mM NaCl
decreased by 28.1 and 44.5%, respectively, compared to the control
group (Fig. 1A). Similar results were found by Aftab et al. [6]. They
observed a reduction of 37.5% in the plant length when submitted to
200 mM NaCl. In the present study, aerial biomass decreased in both
treatments, in a dose-dependent manner, displaying a reduction of 37.4
and 65.2%, in 100 and 200 mM NaCl (Fig. 1B). Aftab et al. [6] observed
a reduction of 42.6% in the shoot dry weight when A. annua plants were
submitted to 200 mM NaCl.

Root biomass was also negatively affected by salinity (Fig. 1C).
Plants exposed to 100 mM NaCl showed a reduction of 40.0% in root
biomass while plants growing in 200 mM NaCl exhibited a reduction of
59.6%. On severe stress (200 mM NaCl), root growth was less affected
than shoot growth. Although roots are directly exposed to salt, they are

remarkable robust and usually, their growth are less affected than
shoots [21].

The marked decrease in the height and biomass of A. annua plants
under salt stress reflects the toxic effects of NaCl on plant metabolism.
Salinity affects the plant development through osmotic stress, which
reduces the turgor pressure in the cells, and consequently, it hinders the
division and expansion of meristematic cells [11,22]. Besides, the ionic
stress caused by saline treatment impairs the production of plant bio-
mass, since the high concentration of total salts causes inactivation of
enzymes and protein synthesis [3,23].

The damaging effect of salt stress on A. annua plants was also ob-
served by the increase in the malondialdehyde (MDA) levels in the
leaves. MDA is a product of lipid peroxidation in cellular membranes
and largely used as oxidative stress marker [24]. When plants are
submitted to environmental stresses, reactive oxygen species (ROS)
accumulate within the cells, generating oxidative damage on cellular
structures, such as plasmatic membrane [25]. Severe stress induced an
increase of 81.9% in MDA levels (Fig. 1D), indicating high oxidative
damage in the cell membranes. This increase in MDA content is in
agreement with a previous report which described an increase of 98%
of MDA contents in A. annua plants subjected to 200 mM NaCl [6]. This
result confirms that 200 mM NaCl was able to induced oxidative stress
in the aerial parts of A. annua.

2.2. Changes in the cell wall composition of aerial parts of A. annua
submitted to salt stress

The impact of abiotic stress on cell wall polysaccharides on several
crops has been reviewed [11,22]. Salt stress affects the structure and
composition of cell wall polysaccharides, but distinct responses are
observed when different plant species are compared. However, no in-
formation regarding the remodeling of the cell wall polysaccharides

Fig. 1. Effect of salinity on growth and malondialdehyde content in A. annua plants. (A) Average length of plants; (B) Aerial parts dry weight; (C) Root dry weight;
(D) Leaf malondialdehyde content. Symbols: **P < 0.01, ***P < 0.001, statistically different from control plants. ns: non-significant. Data represent the
mean ± standard error (vertical bars) of at least 10 individual plants from each treatment.
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from A. annua specie in response to salt stress was found in the litera-
ture. In order to gain understanding on this subject, dried aerial parts of
A. annua plants from control and salt stress conditions were sequen-
tially extracted with hot water (W), 100 mM EDTA (E) and 6 M NaOH,
to obtain pectins and hemicelluloses.

In response to high-salinity environment, Ruppia maritima (halo-
phytic specie) produces sulfated polysaccharides as an adaptation me-
chanism to survive in this condition [13]. Although the accepted cell
wall models do not describe the presence of sulfated polysaccharides in
terrestrial plants [15,16], the presence of sulfate has been reported for
polysaccharides from other Artemisia species. Polysaccharide fractions
obtained by hot-water extraction from leaves of A. tripartite were re-
ported to contain at least 3.4% of sulfate and consisted primarily of
xylose, glucose, arabinose, galactose, and galactosamine [14]. Sulfate
was also reported to be found in purified polysaccharides from stem
lettuce (Lactuca sativa), from Asteraceae family [26]. Thus, the presence
of sulfate in the polysaccharides of A. annua (Asteraceae) was also in-
vestigated. Colorimetric [27] and turbidimetric [28] assays showed that
no polysaccharide fraction from A. annua contained sulfate, indicating
that A. annua did not produce sulfated polysaccharides as reported for
A. tripartita, neither in response to salt stress, as found for Ruppia
maritima [13]. Aqueous and EDTA fractions also were evaluated by FT-
IR (Fig S5 – S6). The absence of characteristic absorption bands from
sulfate groups (800–850 cm−1) on FT-IR spectra confirmed this result.

Instead, changes observed under salt stress were related to the yield
and composition of polymers. The amount of pectins extracted with
chelating agent (EDTA) decreased significantly compared to control
plants (E−200: 2.5%; E-Control: 5.8%). Changes in the yield of pectic
fractions in plants submitted to salt stress was also observed for coffee
[9]. For coffee leaves, salt stress was found to decrease the water so-
luble pectin content but increase the EDTA soluble pectins. On the other
hand, in the plant red-osier dogwood the pectin content was not
modified under salt stress condition [29]. In the present study, despite
the decrease of EDTA soluble pectins, the total pectin content (aqueous
and EDTA soluble) was not changed during salt stress, (W + E)-200:
23.2%; (W + E)-Control: 23.8%. The differences in the extractability of
polysaccharides under salt stress may reflect the modification in the
interaction of the polymers in the cell wall of A. annua induced by salt
stress [9].

The yield of hemicelluloses and final insoluble residues from aerial
parts of A. annua (4 month-old plants) were not affected by the salt
stress. However, for red-osier seedlings (6 month-old plants) it was
observed an increase in the hemicellulose contents in the shoot of salt
stressed plants compared to the control. The salt stress may induce al-
terations in the cell wall polysaccharides indirectly through gene ex-
pression, or directly, through physically interaction of Na+ ions with
cell wall components, inducing changes in the cell wall composition.
This modifications may vary according to the developmental stage of
the cell and also between different plants [30] because the chemical
composition of cell wall is modified during the cell development and
the strategy used by cells to cope with the salt stress may be different
among the species [30,31].

The monosaccharide composition of all fractions obtained from
aerial parts of A. annua was affected by salt stress. Fractions extracted
with water showed high content of uronic acids, arabinose and ga-
lactose, suggesting the presence of pectins and arabinogalactans.
Fig. 2B exhibits a comparison of monosaccharide composition of aqu-
eous fraction from control and saline treatments. Salinity significantly
increased the uronic acids (P < 0.001) and reduced rhamnose
(P < 0.05). Differently, the pectin extracted from the shoot cell walls
of red-osier seedlings after treatment with 50 mM NaCl showed re-
duction in galacturonic acid content and increase of rhamnose [29].

In order to have information about the pectin composition, the ratio
between the monosaccharides was calculated. The ratio UA/Rha has
been used to estimate the relative abundance of homogalacturonan
(HG) versus rhamnogalacturonan-I (RG-I) domains of pectins while the

ratio Ara + Gal/Rha has been used to evaluate the relative importance
of neutral side chains to the RG-I backbone [32]. The ratio UA/Rha
significantly increased in W-100 and W-200 fractions (P < 0.05)
compared to the control plants, indicating increase of HG domain of
pectins from plants submitted to salt stress (Fig. 2C). Increase of car-
boxylated polysaccharides in the cell wall of plants submitted to high
salt environment was also reported for rice (Oryza sativa) [13] and
coffee plants (Coffea arabica) [9]. HG domain has been reported to
control of the viscosity and mechanical properties of the cell wall ma-
trix [33] and changes in HG structure may interfere in the plant de-
velopment [34]. It has been pointed that negatively charged cell wall
polysaccharides might increase the Donnan potential, facilitating ion
transport from the cell at high salt concentrations and/or slow the
movement of Na + toward the cells [35].

On the other hand, a reduction in the levels of uronic acids was
found for leaves of grapevines plants under salt stress [10], reinforcing
the hypothesis that plants may exhibit different tolerance mechanisms
when exposed to saline environments.

Under severe stress, polysaccharides extracted with hot water also
showed significant increase in arabinose contents (P < 0.001) and in
the (Gal + Ara)/Rha ratio (P < 0.01), compared to the control plants.
These data indicate an increase in neutral side chains of RG-I backbone
during salt stress condition. According to the review by Gall et al. [22],
the increase in pectin side chains seems to be the only common toler-
ance mechanism to salt stress shared among plants from different spe-
cies. Pectins are able to bind water and form gel in the cell wall and the
increase of side chains of pectins may protect the cytosol during
drought stress. Besides, arabinan-rich pectin would prevent water loss
during desiccation [22,36].

W fractions isolated from control and salt treated plants were sub-
mitted to a detailed analysis, comparing the 1H and 1H/13C HSQC NMR
spectra. Qualitative analysis of HSQC demonstrated that W-100 and W-
200 were very similar to control. Correlations found in the HSQC
spectrum of W-Control (Fig. 3A) were also found in the spectra of
fractions from salt treated plants. The assignments were based on lit-
erature values [37–39]. Due to complexity of the spectra, mainly the
anomeric region was analyzed. Chemical shifts typical of homo-
galacturonan were found in the correlation map. Signals of 1,4-linked
unesterified α-D-GalpA were found at δ 99.3/5.11, corresponding to
C1/H1 and at δ 68.3/3.74 (C2/H2), 68.9/3.96 (C3/H3), 78.5/4.40 (C4/
H4) and 71.7/4.67 (C5/H5). For methyl esterified units, signals at
100.0/4.95 and 100.0/4.92 ppm were assigned to C1/H1 and at δ 78.4/
4.45 (C4/H4) and 70.5/5.09 (C5/H5) [40]. Resonance of the methoxy
group was observed at δ 52.8/3.81 and those of the acetyl group ap-
peared at δ 20.2/2.09; 20.4/2.15 and 20.5/2.18.

The signals at δ 107.6/5.08 and 107.5/5.10 were assigned to C1 of
1,5 and 1,3,5-linked α-L-Araf. The C5/H5 of Ara (1 → 5) was found at
66.7/3.78/3.81 and for units 1,3,5-linked at 66.7/3.85/3.92. The sig-
nals at 76.8/3.95 was attributed to C3/H3 of Ara 1,5-linked and at
81.3/4.12 ppm for 1,3,5-linked Ara. The signal of C3 shifted downfield
to 81.3 ppm indicates that this arabinose is also substituted at position
O-3 [41].

Signals of anomeric carbon of 1,3-linked and terminal α-L-Araf were
found at δ 107.1/5.15 and 109.2/5.25, respectively. These signals in-
dicate the presence of arabinans and/or arabinogalactans as side chains
of RG-I. A signal of C1 of β-D-Galp (δ 103.4/4.46) was also found,
suggesting the presence of galactans and/or arabinogalactans.

The C6 of 1,2- and 1,2,4-substituted rhamnose were found at δ
16.7/1.24 and 16.8/1.29 ppm, respectively [38], which indicate the
presence of RG-I in the aqueous fraction.

The degree of O-methyl esterification of pectins from W fractions of
control and saline treatments, determined by FT-IR (Fig. S5), indicated
that under salt stress, pectins from A. annua were more methyl-ester-
ified (Table 1). Gall et al. [22] suggest that the fine regulation of degree
of methyl esterification of pectins and the amount of HG domain in the
cell wall determines the stiffness and hydration status of pectic matrix
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during water deficit. Byrt et al. [30] propose that Na+ ions may in-
terfere with pectin methylesterases function, thus modifying the degree
of methyl esterification of pectins. Different patterns of change in the
methyl esterification of pectins when plants are subjected to abiotic
stress have been reported. It has been pointed that the discrepancy
could be due to different mechanisms of control of pectin methyles-
terase activity, depending on the genotype, species or tissue [22]. As
found for A. annua, highly methylated pectin was also observed in
petioles of an aspen hybrid plants in response to treatment with 50 mM
NaCl [5]. However, a decrease in the degree of methyl esterification in
response to 100 mM NaCl was found in the cell wall of leaves from three
maize (Zea mays L.) hybrids with different salt tolerance. The tolerant
hybrid displayed a delayed in the accumulation of non-methylated
uronic acids and showed better growth compared to the sensitive one,
contributing to salt resistance in the first phase of salt stress [31].

In order to evidence the differences between the samples from
control and saline treatments, an integration of signals from 1H spec-
trum and principal component analysis (PCA) were performed
(Fig. 3B–E).

The signal of acetyl group of pectins from plants submitted to salt
stress had higher integral area than that of control plants (Fig. 3B). The
role of acetyl in pectins seems to be associated with the cell wall

viscosity and prevention of the interaction between pectin and calcium
ions [33,42]. In the anomeric region of 1H spectrum, important changes
were observed. Plants submitted to salt stress showed significant in-
crease of integrated area of signals corresponding to arabinose (δ 5.25,
5.15, 5.10, 5.08) (Fig. 3C).

Only the anomeric region was used for PCA analysis. Fig. 3D dis-
plays the graph of the scores for PC1 and PC2. The samples from salt
treated plants (W-100 and W-200) were clearly distinguished from W-
Control by PC1. In the loading plot (Fig. 3E) it was found that the main
signals that affect the difference between the treatments are 5.10, 5.08
and 5.15 ppm, which correspond to arabinose residues, confirming the
importance of arabinose in the salt stress.

Pectins were also the major components of E fractions as indicated
by the predominance of uronic acids, arabinose, galactose and rham-
nose. For fractions from salt treatments it was observed an increase of
glucose and decrease of uronic acids contents when compared to the
control (Fig. 4A). The increase of glucose might indicate an increase in
the starch content under salt stress. E−200 and E−100 displayed in-
creased Ara + Gal/Rha ratio (Fig. 4B) indicating higher amount of side
chains in the pectin, as also observed for the aqueous fraction.

Analysis of HSQC demonstrated that E−100 and E−200 were very
similar to control. Correlations found in the HSQC spectrum of E-

Fig. 2. Effects of salt stress on the yield of fractions extracted
from aerial parts of A. annua (A); Monosaccharide composi-
tion of W fractions (B); UA/Rha and Ara + Gal/Rha ratios
(C). Results are expressed as mean ± standard error of the
mean of three assays. Symbols: W- fraction obtained with
boiling water; E − fraction obtained with 100 mM EDTA; HA
- hemicellulose A fraction obtained from 6 M NaOH; HB -
hemicellulose B fraction obtained from 6 M NaOH; C –
Control plants; 100 - plants submitted to 100 mM NaCl; 200 -
plants submitted to 200 mM NaCl. *P < 0.05, **P < 0.01
and ***P < 0.001 statistically different from control plants.
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Control are showed at Fig. 5A. It was observed signals of RG-I as evi-
denced by the signals of C1/H1 of rhamnose at 98.7/5.26 ppm and at δ
99.2/5.11 the C1/H1 of unesterified galacturonic acid. Signals of C6
from rhamnose were found at δ 16.6/1.25 and 16.9/1.31 ppm [38].

Signal at δ 20.3/2.10 was assigned to acetyl groups and at 52.8/

3.81 ppm to the methyl group. Arabinan and/or arabinogalactan side
chains of RG-I were evidenced by the signals at δ 107.6/5.08, 107.6/
5.10 and 107.2/5.15 assigned to C1/H1 of α-L-Araf units. Signals of
galactose were found at δ 104.4/4.61 and 103.7/4.65 corresponding to
C1/H1 of 1,4-linked-β-D-Galp units from galactans and/or type I

Fig. 3. 1H/13C HSQC of W-Control fraction (A); Integrated area of signals from 1H spectrum of W fractions (Acetyl: 2.11, 2.17 ppm; 1,2,4-Rha: 1.29 ppm; 1,2-Rha:
1.24 ppm) (B); Integrated area of signals of anomeric region of 1H spectrum of W fractions. (Chemical shifts: 5.25 – terminal α-L-Araf; 5.15 – 1,3-linked α-L-Araf;
5.10–1,3,5-linked α-L-Araf; 5.08–1,5-linked α-L-Araf; 4.95/4.92 – GalpA methyl esterified; 4.46 - β-D-Galp); (C); Graph of the scores for PC1 and PC2 (D) and Loading
plot (E). Symbols: *P < 0.05, **P < 0.01,***P < 0.001 and P < 0.0001 statistically different from control plants. Chemical shifts of 1H/13C HSQC are expressed
relative to acetone (1H = 2.22 ppm; 13C = 30.2 ppm).
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arabinogalactans (AG-I) and at 103.5/4.42, 102.8/4.49 and 102.8/
4.47, corresponding to C1/H1 of 1,3,6-, 1,6- and 1,3-linked-β-D-Galp
units from type II arabinogalactans (AG-II). Type II arabinogalactans
were also found in the cell wall of aerial parts of Artemisia absinthium
[43]. Comparing control and saline treatments it was not observed
significant differences on the degree of methyl esterification of che-
lating soluble pectins by FT-IR (Fig. S6), as observed in Table 1. In the
1H/13C HSQC, an intense signal at 99.7/5.37 ppm, assigned to the
anomeric carbon of α-D-Glc from starch (Fig. 5B), was observed for
E−100 and E−200, but not in E-Control. These results were confirmed
by the significant increase of integrated area of the signal 5.37 ppm in
the 1H spectrum of E−200 compared to E-Control (Fig. 5D; Fig. S3).
The increase of starch content in response of salt stress was also ob-
served in potato [44] and tomato [45]. The reduction in the cell divi-
sion and growth might explain the accumulation of starch in the leaves
of plants submitted to salt stress [46].

Comparing the control group, 100 and 200 mM NaCl, no difference
were found in the elution profiles from HPSEC analyses using RI de-
tector for fractions W and E (Fig. S1 A-B).

When analyzed by HPSEC using RI detector, W fractions had similar
elution profile for all treatments. A slight increase in the relative peak
areas of polysaccharides with higher molar mass (37–43 min and
44–48 min) was observed for W-100 and W-200 compared to W-Control
(Fig. S1 A), which may be related with the increase of homo-
galacturonan domain and neutral side chains in the pectins after salt
stress. Comparing the EDTA fractions, the elution profiles were very
similar for all treatments (Fig S1 B). However, it was observed an in-
crease in the relative peak area between 38 and 45 min for E−200
compared to E-Control (E-Control ~ 31%; E−200–40%), suggesting
increase of polymers with higher molar mass after salt stress.

Hemicellulose fractions (HA and HB) exhibited xylose as the main
monosaccharide, in addition to glucose, mannose, galactose and uronic
acids. 1H NMR spectra of hemicellulose fractions (HA-Control and HB-
Control) were very similar (Fig. S7). Correlations in 1H/13C HSQC in-
dicated the presence of 4-O-methylglucuronoxylan as the main hemi-
cellulose of A. annua cell wall. Comparative analyses of HSQC of
hemicellulose fractions from control and saline treatments

demonstrated similar spectra for all samples. Therefore, only the
spectra of HA-Control (Fig. 6A) and HB-Control (Fig. 6B) are shown.
Signals at 101.9/4.49–101.7/4.48 ppm were assigned to C1/H1 from
1,4-linked β-D-Xylp and at 76.5/3.78 ppm to C4/H4. Signals at 101.3/
4.65–101.2/4.64 ppm were assigned to 2,4-substituted β-D-Xylp and at
δ 76.9/3.48 and 76.5/3.79 to C2/H2 and C4/H4, respectively. The
xylan backbone is substituted in O-2 by 4-O-methyl-α-D-GlcpA, as
evidenced by the signals at 97.7/5.27–97.6/5.26 ppm of C1/H1 from
glucuronic acid, and at 82.4/3.28 ppm from C4/H4 linked. At δ 59.8/
3.49–59.5/3.47, it was observed signals corresponding to the methyl
group. The signal at 23.5/1.92–23.3/1.90 ppm indicates the xylan
backbone is acetylated [47]. The correlation at 100.3/4.75–100.0/
4.75 ppm may be due to the presence of β-D-Manp 1,4-linked, typical of
mannans. Signals were assigned based on the HSQC and 1H NMR
spectra (Fig. S7) following sugar composition and literature [48–50].

Plants submitted to salt stress had higher levels of xylose than
control plants (Fig. 7A and B), indicating an important role of xylose-
containing polysaccharides under salt stress. The increase of xylose
suggests that under salt stress, the xylan backbone displayed lower
degree of substitution. The substitutions along the xylan backbone af-
fect their physicochemical properties, such as the interaction with
cellulose in the cell wall [51]. High degrees of substitutions in hemi-
celluloses restrict the cross-linking with cellulose microfibrils. On the
other hand, low degrees of substitution contribute to the stiffening of
the cell wall and allow the cell to resist the internal turgor pressure
[51,52]. Under salt stress, the tissues of plants loose turgor pressure due
to the lower osmotic potential of salinized soil, which induces loss of
water by the cells [5]. The increase in the degree of methyl esterifica-
tion of pectins and the lower degree of substitution in xylan found in A.
annua under salt stress suggest that the cell wall became more rigid in
order to maintain the turgor pressure .

Hemicellulose fractions obtained from aerial parts of A. annua dis-
played polymodal elution profiles by HPSEC (Fig S1 C-D). The main
peak of HA fractions from plants submitted to moderate and severe salt
stress was shifted to a lower elution time, corresponding to higher
molar mass values. An increase in the relative peak area of the poly-
saccharides eluting between 36 and 46 min was observed for HA-100
and HA-200 compared to HA-Control (HA-Control ~ 6%; HA-100–11%;
HA-200–13%).

For HB fractions, the peak eluting around 55 min was shifted to
higher molar mass values in the severe stress group compared to the
control. However, an opposite trend was observed for the HB fraction
extracted from plants subjected to moderate salt stress. No important
changes were found among the samples in the relative areas of this
peak.

The changes observed by HPSEC along with the increase in the
xylose contents found in the monosaccharide composition of A. annua
plants after the salt stress might indicate the presence of xylans with
higher degree of polymerization. Changes in molar mass of poly-
saccharides after salt stress were also reported for coffee plants [9].

The final insoluble residues of aerial parts from salt stressed plants
showed predominance of glucose (70%) and xylose (20%). No

Table 1
Degree of methyl-esterification of pectins (W and E
fractions) extracted from aerial parts of A. annua.

Fraction DE (%)

W-Control 23.5 ± 2.33
W-100 26.2 ± 0.98
W-200 30.8 ± 1.26 *

E-Control 33.7 ± 0.25
E−100 28.1 ± 1.53
E−200 25.4 ± 1.98

Values were expressed as mean ± standard error of
the mean. Symbols: *P < 0.05 statistically different
from control plants.

Fig. 4. Effects of salt stress on the monosaccharide composition of E fractions from control and saline treatments (A) and UA/Rha and Ara + Gal/Rha ratios (B).
Results are expressed as mean ± standard error of the mean of three assays. *P < 0.05, **P < 0.01 and ***P < 0.001 statistically different from control plants.

M.L. Corrêa-Ferreira, et al. Carbohydrate Research 483 (2019) 107753

6



Fig. 5. 1H/13C HSQC of E-Control fraction (A). 1H/13C HSQC of E−200 fraction. The circle indicates the signal of glucose from starch. (B) Integrated area of signals
from 1H spectrum of E fractions (Acetyl: 2.09, 2.15, 2.18 ppm; 1,2,4-Rha: 1.29 ppm; 1,2-Rha: 1.24 ppm) (C); Integrated area of signals of anomeric region of 1H
spectrum of E fractions (Chemical shifts: 5.37 - α-D-Glc, 5.26 – Rha; 5.15 – 1,3-linked α-L-Araf; 5.10–1,3,5-linked α-L-Araf; 5.08–1,5-linked α-L-Araf; 4.61–1,4-
linked-β-D-Galp; 4.47–1,3-linked-β-D-Galp). (D). Symbols: *P < 0.05, **P < 0.01 statistically different from control plants. Chemical shifts in 1H/13C HSQC are
expressed relative to acetone (1H = 2.22 ppm; 13C = 30.2 ppm).

M.L. Corrêa-Ferreira, et al. Carbohydrate Research 483 (2019) 107753

7



statistical differences were found in the monosaccharide composition
between control and salt treated plants.

3. Experimental

3.1. Plant material, growth condition and salinity treatments

Seeds of A. annua, provided by Dr. Pedro Melillo de Magalhães from

CPQBA (Centro Pluridisciplinar de Pesquisas Químicas, Biológicas e
Agrícolas-UNICAMP- SP, Brazil), were sown and after 60 days, the
seedlings were transferred to 8 kg pots containing a mixture of
Plantmax ® nutrients, soil and sand (1:1:1). The stress experiment was
performed in a greenhouse with daily minimum temperatures 17–20 °C
and maxima of 26–27 °C, relative humidity 70%. The composition of
Plantmax ® is given in Table S1 [53]. Stress conditions were imposed
after 15 days of acclimation. Plants were divided in 3 groups: (1)

Fig. 6. 1H/13C HSQC of HA-Control fraction (A) and HB-Control (B). Sample HA-Control was dissolved in 0.1 M NaOD at 20 mg/mL and spectra were recorded at
70 °C. Chemical shifts are expressed relative to TMPS-d4 (δ= 0). Sample HB-Control was dissolved in D2O at 20 mg/mL and spectra were recorded at 70 °C. Chemical
shifts are expressed relative to acetone (1H = 2.22 ppm; 13C = 30.2 ppm).
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control (0 mM NaCl), (2) 100 mM NaCl, and (3) 200 mM NaCl, with 15
biological replications in each group. The plants received 100 or
200 mM NaCl solutions and the control plants received just water [6].
Plants were watered with solutions 3 times a week until soil saturation,
for 45 days. The amount of loss water was determined based on the
weight difference with the pots with water saturated substrate [54].
Twenty four hours before harvesting the plants were kept in the dark to
deplete starch reserve [55]. After harvesting, plants from each treat-
ment were immediately frozen at −80 °C and then lyophilized. The
biometric parameters evaluated were plant length and dry mass of
aerial parts and roots. The plant length was measured from the base of
the stem (soil level) to the top of the plant. Ten plants per treatment
were used.

3.2. Lipid peroxidation rate

The oxidative damage to leaf lipids was evaluated by the tri-
chloroacetic/thiobarbituric acid method [56]. Fresh leaf samples were
used in the assay, and the absorbance of samples was measured at 532
and 600 nm. Malondialdehyde equivalents were calculated from the
following formula: MDA equivalents (nmol/mL) = [(A532-A600)/MDA
ε] x 106, where A532 represents the maximum absorbance of the

complex MDA-TBA and A600 corrects non-specific interferes. MDA
contents were expressed as nmol MDA/mL.

3.3. Sample preparation and polysaccharide extraction

Aerial parts of A. annua from each treatment (control, 100 mM
NaCl, 200 mM NaCl) were randomly divided in three groups of 3 plants
each. Each sample was milled, sieved (32 mesh) and depigmented with
absolute ethanol in a Soxhlet apparatus. The resulting material was
dried and submitted to sequential extractions using hot water (fractions
W), 100 mM EDTA (fractions E) and 6 M NaOH (Fig. 8). After each
extraction, the extract was recovered by centrifugation (4700×g),
concentrated and treated with ethanol (4 V). Polysaccharides were
isolated by centrifugation, treated with absolute ethanol (3x) and dried
under vacuum. Extracts obtained using EDTA were dialyzed for 72 h
before treatment with ethanol. Alkaline extractions were performed in
the presence of NaBH4. Alkaline extracts were neutralized with acetic
acid, kept at 4 °C overnight and then, the precipitated fractions were
separated by centrifugation and named hemicellulose A (HA). The su-
pernatants were dialyzed for 72 h, concentrated and treated with
ethanol (4 V), resulting in hemicellulose B fractions (HB). Final in-
soluble residues were washed with water, ethanol and acetone and
dried under vacuum.

3.4. Monosaccharide composition

Polysaccharides were hydrolyzed with 2 M TFA at 120 °C, for 2 h.
Derivatization and GC-MS analysis were performed according to
Corrêa-Ferreira et al. [40].

The final insoluble residues and hemicellulose fractions were dis-
solved in 72% (w/w) H2SO4 for 1 h at 0–4 °C, diluted to 8% and kept in
boiling water for 15 h. The hydrolyzates were neutralized with BaCO3,
the insoluble material was removed and the monosaccharides were
reduced and acetylated. Uronic acids content was estimated by colori-
metric method [57] using galacturonic or glucuronic acid as standard.
Insoluble fractions were hydrolyzed before the colorimetric assay.

Fig. 7. Effects of salt stress on monosaccharide composition of hemicellulose A
fraction from aerial parts (A); and hemicellulose B (B). Values were expressed as
mean ± standard error of the mean. Symbols: *P < 0.05 and
****P < 0.0001 statistically different from control plants.

Fig. 8. Scheme for sequential extraction of polysaccharides from aerial parts of
A. annua. W, fraction obtained with boiling water; E, fraction obtained with
100 mM EDTA; HA, hemicellulose A fraction obtained from 6 M NaOH; HB,
hemicellulose B fraction obtained from 6 M NaOH; 100, plants submitted to
100 mM NaCl; 200, plants submitted to 200 mM NaCl.
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3.5. High-performance size-exclusion chromatography (HPSEC)

Isolated polysaccharides were analyzed by HPSEC using a Waters
unit coupled to a refractive index (RI), a Wyatt Technology Dawn-F
multi-angle laser light scattering (MALLS) detector. Four Waters
Ultrahydrogel columns (2000; 500; 250; 120) were connected in series
and coupled to the multidetection instrument. A solution of 0.1 M
NaNO2 and 0.02% NaN3 was used as eluent at a flux of 0.6 mL/min.
Prior to the analyses, the samples (1.5 mg/mL) were filtered through a
0.22 μm cellulose acetate membrane. The data were collected and
analyzed by a Wyatt Technology ASTRA program. All the analyses were
carried out at 25 °C.

3.6. Determination of degree of O-methyl esterification

The degree of O-methyl esterification of samples was determined by
Fourier transform-infrared (FT-IR) spectroscopy according to
Vriesmann et al. [58]. The discs were prepared using KBr and the
sample in the proportion 90:10. Spectra were collected at the absor-
bance mode in the frequency range of 4000–400 cm−1 using a Bomem
MB-100 spectrophotometer (Hartman & Braun, Canada), at 4 cm−1

resolution.

3.7. Nuclear magnetic resonance spectroscopy (NMR)

NMR analyses were performed on a Bruker AVANCE III NMR
spectrometer operating at 9.1 T (400 MHz for 1H), equipped with a
5 mm BBI inverse probe with gradient on the z axis. All spectra were
acquired with D2O solutions (500 μL) using TMSP as reference
(δ= 0.00 ppm) or acetone (1H = 2.22 ppm; 13C = 30.2 ppm), at 70 °C.
1H NMR analyses were performed with 32 scans, using the standard
sequence zgpr from Bruker. 2D 1H/13C HSQC (heteronuclear single
quantum coherence) were performed using the sequence hsqcetgp-
sisp2.2 from Bruker, with 16 scans per series of 2048 × 256 W data
points with zero filling in F1 (4 K), prior to Fourier transformation. Data
procession and integration were performed using the software TOPSPIN
version 3.1.

For W and E fractions, from control and saline treatments, relative
integration of signals areas of 1H NMR spectrum was performed.
Samples were previously desiccated under vacuum, accurately weighed
(10 mg) and dissolved in D2O (500 μL), containing TMSP-d4 (0.02%).
Samples were transferred to NMR tubes and analyzed at 70 °C, using 32
scans. Presaturation of residual HDO was carried out in spectrum ac-
quisition. Integrated area of signals was relative to TMSP-d4 area and
triplicates of each fraction (W and E) from control and saline treatments
were performed.

3.8. Data reduction and multivariate analysis

The spectral window considered was from δ 4.45–6.50. After NMR
spectral phase and baseline correction, each spectrum was data-reduced
to 1193 regions of equal width (0.001 ppm). All spectra were submitted
to Principal Component Analysis (PCA) analyses, using the normal-
ization to total intensity. All analyses were performed using the
Software AMIX version 3.8.

3.9. Sulfate content

The presence of sulfate was investigated by the colorimetric 1,9-
dimethylmethylene blue (DMB) method [27], using an agarose che-
mically sulfated, as standard and also by the turbidimetric method [28],
which quantifies sulfate as barium sulfate.

3.10. Data analysis

A completely randomized design was used in experiments, with 3

treatments (control, 100 mM NaCl and 200 mM NaCl) and 15 replicates
(plants) for each treatment. Nine plants of each treatment were ran-
domly divided in three subgroups for polysaccharide extraction. The
results showed for each treatment group are the average of three ex-
tractions performed independently. Monosaccharide composition of
each sample was done in duplicate. Statistical comparisons between
groups were performed using one-way analysis of variance (ANOVA)
followed by the Bonferroni's multiple comparison test, using GraphPad
Prism, version 8.1.2 for Windows, GraphPad Software, La Jolla
California USA. Values of P < 0.05 were considered statistically sig-
nificant.

4. Conclusion

Salt stress negatively affected the growth and biomass accumulation
and induced lipid peroxidation in cellular membranes of A. annua.
Aerial parts were noticeably affected by salt stress, as showed by
changes in the monosaccharide composition, yield of polymers and
degree of acetylation and methyl esterification. The main changes in
cell wall following salt stress were found in the structure of pectins,
such as number of side chains of the rhamnogalacturonan, uronic acid
content and degree of methyl esterification. According to PCA analysis,
the main signals from 1H NMR that were affected by the treatments
correspond to arabinose residues, demonstrating the importance of
arabinose for A. annua plants under salt stress. Among the hemi-
celluloses, an increased content of xylose was observed for plants sub-
jected to salt stress. The decrease of xylan substitution suggests a more
rigid cell wall in A. annua under salt stress, which may help the plant to
maintain cellular turgor pressure. No sulfate groups were found in the
polysaccharides of A. annua submitted to salt stress, indicating that
sulfation of cell wall polysaccharides was not a response to salt stress.
The main changes of cell wall polysaccharides of A. annua were ob-
served in response of 200 mM NaCl, which was the group more affected
by salt stress, according to results of physiological parameters (MDA,
length, biomass accumulation). As a whole, the results point to a re-
modeling in the cell wall architecture of A. annua in order to tolerate
the salt stress condition.
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