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Abstract

Cadmium (Cd) is a common heavy metal pollutant in the aquatic environment, generally toxic to plant growth
and leading to growth inhibition and biomass reduction. To study the oxidation resistance in Sargassum fusiforme
seedlings in response to inorganic Cd stress, we cultured the seedlings under two different Cd levels: natural
seawater and high Cd stress. High Cd stress significantly inhibited the seedlings growth, and darkened the thalli
color. Additionally, the pigment contents, growth rate, peroxidase (POD) activity, dehydroascorbic acid (DHA)
content, and glutathione reductase (GR) activity in S. fusiforme were significantly reduced by high Cd treatment.
Contrarily, the Cd accumulation, Cd?* absorption rate, dark respiration/net photosynthetic rate (R,/P,), ascorbic
acid (Vc) content, soluble protein (SP) content, glutathione (GSH), and the activities of superoxide dismutase
(SOD) and catalase (CAT) of S. fusiforme under Cd treatment significantly increased compared to the control
group. The decrease of malondialdehyde (MDA) was not significant. Although S. fusiforme seedlings increased the
antioxidant activities of POD, SOD, Vc, and the AsA-GSH cycle to disseminate H,0, and maintain healthy
metabolism, high Cd stress caused Cd accumulation in the stem and leaves of S. fusiforme seedlings. The
excessive Cd significantly restricted photosynthesis and reduced photosynthetic pigments in the seedlings,
resulting in growth inhibition and deep morphological color, especially of the stems. High levels of Cd in seawater
had toxic effects on commercial S. fusiforme seedlings, and risked this edible seaweed for human food.
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1 Introduction

Heavy metal contamination caused by anthropogenic activit-
ies is one of the major worldwide environmental problems affect-
ing water, soil, plant, animal and human health (Moreno-
Jiménez et al., 2016; Du et al., 2018). Due to the potential risk to
human health via the food chain (Xie et al., 2015), there has been
an explosion in research on heavy metals and their effects on
plant growth and development, and more specifically the toler-
ance of plants to Cd stress. Cd, a typical heavy metal, is com-
monly used in electroplating manufacturing, pigments, and the
battery industry (Ruangsomboon and Wongrat, 2006). The ele-
ment is non-essential for plant growth, except for some phyto-
plankton species, and is mostly toxic even at low concentration
(Lee and Morel, 1995; Hall, 2002; Xu et al., 2007; Hernandez-Can-
delario et al., 2019).

High Cd stress results in visible Cd toxicity symptoms in many
plants, including stunted growth, chlorosis, necrosis, root brown-
ing, and even death (He et al., 2017). Cd stress could increase re-
active oxygen species (ROS), and induce an oxidative stress reac-
tion, causing toxic effects. Oxygen stress caused by Cd also af-
fects the antioxidant system in plants. The antioxidant defense
system includes the non-enzymatic antioxidants such as gluta-

thione (GSH) and ascorbic acid (Vc), and the enzymatic antioxid-
ants such as peroxidase (POD), superoxide dismutase (SOD), and
catalase (CAT) (Li et al., 2015). V¢, GSH, vitamin E and caroten-
oids, and ascorbic acid-glutathione are main antioxidants in
plants. There were interspecific differences in plants affected by
high Cd stress. For example, when grown at high Cd levels, the
activities of POD, SOD, and CAT in Atractylodes lancea were
firstly increased followed by decreasing (Sun et al., 2018); while
activities of SOD, POD and CAT in shoots and roots of rice (Oryza
sp.) were decreased (Shao et al., 2004). In addition, Cd stress ex-
hibits influences on the antioxidant enzyme system and the pho-
tosynthetic system in some higher plants, reducing the net pho-
tosynthetic rate (P,) (Guo et al., 2019). Some plants could also ac-
cumulate Cd from their growth environment; in the case of ed-
ible plants, this poses a high risk to human health through the
food chain (Li et al., 2015).

Cd contamination also has adverse effects on marine algae. In
coastal regions, marine algae are important primary producers,
providing shelter and substrate for a variety of marine animals
and epiphytic algae (Ramus, 1992; Zhu et al., 2011). It is reported
that cadmium treatment decreased the concentration of chloro-
phyl], soluble protein, and soluble phenol in Scenedesmus quad-
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ricauda (Kovéacik et al., 2011). While it was demonstrated that
some macroalgae, such as Gracilaria lemaneiformis, had a cer-
tain resistance to low-concentration Cd stress, and this resist-
ance was affected by exposure time and Cd concentration; phos-
phate and EDTA could also increase a degree of resistance in G.
lemaneiformis to Cd stress (Yu et al., 2007). Macroalgae, as well as
higher plants, can resist toxic effects through protective mechan-
isms including antioxidants and antioxidant enzymes (Collén et
al., 2003; Contreras et al., 2005). The Cd resistance and Cd
biosorption capacity endowed some algae species potential
biosorbents for metal sequestering and could be useful for biore-
mediation of Cd pollution (Patrén-Prado et al., 2011).

Sargassum fusiformis (Phaeophyceae) is a commercial brown
seaweed distributed along the Northwest coast of the Pacific
Ocean. The seaweed is composed of anchors, stems, leaves, blad-
ders and reproductive tissue, and possesses a variety of biologic-
ally active antioxidant and anticoagulant components. This alga
is consumed as a marine vegetable or medicinal herb in coun-
tries of Southeast Asia, such as Korea, Japan and China (Zou,
2005). Previous researches suggested that Cd could destroy the
photosynthetic structure in S. fusiforme and thus influence its
physiological processes, such as photosynthesis (Zhu et al., 2011)
and protein expression (Zhang et al., 2015). However, there were
very few studies focusing on oxidative stress in S. fusiforme under
high Cd stress.

As the intensity of heavy metal pollution, increased cadmium
concentration in seawater will have an impact on the culture of
economic algae S. fusiforme, especially in its seedling stage. In
this research, S. fusiforme seedlings were collected and cultured
under two different Cd levels: natural seawater and high Cd
stress. The antioxidant substances and activities of related en-
zyme were analyzed, aiming to investigate if inorganic cadmium
stress has oxidative stress on S. fusiforme (Phaeophyceae) seed-
lings.

2 Materials and methods

2.1 Sample collection and experimental design

Young seedlings of Sargassum fusiforme were collected from
the Luxi Island of Wenzhou, Zhejiang Province, southern China
in May 2018. Healthy algal thalli were selected after washing off
the visible epiphytes and accumulated sediments with seawater,
and then were pre-cultured for 2 d under 100 umol photons m-2s-!
illumination by fluorescent tubes for 12:12 (light:dark) photoperi-
od at 20.3(+1)°C. Culture medium was composed of sterile sea-
water supplied with additional 200 pumol/L NOj; and 10 pmol/L
PO}, and was aerated with ambient from the outdoor.

For this experiment, S. fusiforme seedlings were cultured un-
der two inorganic Cd levels, including the natural seawater (con-
trol) and Cd enrichment (treatment). Concentration of Cd?* in
natural seawater was ~0.9 pmol/L. As compared to the control,
treated thalli were cultured in the sterile seawater that enriched
with 100 pmol/L CdCl,. Approximately 30 g thalli were cultured
in 10-L tank as the density. Culture medium was renewed every
second day. Each level had three replicates. Other culture condi-
tions were maintained as the pre-culture. After 10 d of indoor
culture, thalli were collected and reserved under -20°C condition
until physiological and biochemical tests were performed.

2.2 Relative growth rate

Relative growth rates (RGR, %/d) were calculated from three
replicates using the following equation: RGR = In (X;/X,)/(T; -
T,)x100, where X, referred to the fresh weight (Fw) of the cul-

tured thalli at the T; days and X, referred to the Fw at the T, days.

2.3 Photosynthetic oxygen evolution and dark respiration

Approximately 0.5 g (Fw) of each sample was used to determ-
ine the net photosynthetic oxygen evolution rate (P,) at 400 pmol
photons m-2 s-! and dark O, consumed rate (dark respiration, R,)
by a Clark-type oxygen electrode (YSI Model 5300; Yellow Springs
Instrument Co., OH, USA) with a water jacket connected to a
cooling circulator (Cole Parmer, USA). The temperature was
maintained at 20°C. Light intensity was provided by a halogen
lamp. The samples of algae were allowed to acclimate to the elec-
trode cuvette environment for 10 min before measurement. Val-
ues of P, and R, were all expressed in (umol O,)/(g-h) of Fw.

2.4 Photosynthetic pigments and soluble protein

Approximately 100 mg of fresh tissues was ground in 10 mL of
absolute methanol and extracted for 24 h at 4°C in the dark. This
extract was centrifuged at 8000 r/min for 10 min, and then the
supernatant was used to determine the amounts of chlorophyll a
(Chl a) and carotenoid (Caro) using an ultraviolet spectrophoto-
meter (UV-1800; Shimadzu, Kyoto, Japan). Content of Chl a and
Caro was estimated according to Porra (2002) and Parsons and
Strickland (1963), respectively.

Soluble protein (SP) content was determined by xylene bril-
liant cyanin G. About 0. 2 g (Fw) sample was homogenated in the
mortar with 10 mL saline. The homogenate was centrifuged at
2500 r/min for 15 min. A total of 1 mL supernatant was trans-
ferred into the test tube, then added with 3 mL xylene brilliant cy-
anin G solution. After 5 min standing, absorbance at 595 nm was
recorded by ultraviolet spectrophotometer (UV-1800; Shimadzu,
Kyoto, Japan) and calculated according to the absorbance value
standard curve (Bradford, 1976).

2.5 Cd uptake and its accumulation in young seedlings

Inorganic Cd uptake rates (V) of the seedlings in 48 h during
one seawater renewal period, were probed using inductively
coupled plasma atomic emission spectrometry (PerkinElmer Op-
tima 7300V ICP USA). Each seawater medium was filtered by
0.45 pm cellulose filter membrane before analyzed.

Seedling samples were dipped in 30% H,0, to eluting the epi-
phytes if any, and washed by deionized water, then they were
dried at 40°C. Cd accumulation in young seedlings was per-
formed using inductively coupled plasma mass spectrometry
(NexION 1000 ICP-MS, PerkinElmer, USA). Specifically, Cd accu-
mulations in stem and leaf (air sac) were determined separately.

2.6 Biochemical analyses

Approximately 200 mg of fresh tissue was homogenized in
10 mL of phosphate buffer. The homogenate was centrifuged at
5000 r/min at 4°C for 10 min. The supernatant was stored at 4°C
for analysis of the antioxidation activities in S. fusiforme seed-
lings. The total superoxide dismutase (T-SOD) was measured by
the photochemical method (Giannopolitis and Ries, 1977) with
minor modification. One-unit SOD activity was defined as the
amount of enzyme required for a 50% inhibition of the rate of
NBT (r-nitro blue tetrazolium chloride) reduction that was meas-
ured at 550 nm. CAT activity was measured by the spectrophoto-
metric method based on the decomposition of H,0, in 50 mmol/L
phosphate buffer and monitored at 234 nm (Aebi, 1983).

MDA content that accumulates in algal following extreme
stress (Khatun et al., 2008; Zhu et al., 2011), was measured using
a thiobarbituric acid (TBA) reaction to indicate the lipid peroxid-
ation (Heath and Packer, 1968). The absorbance of the super-
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natant at 532 nm was recorded and corrected for unspecific tur-
bidity by subtracting the value at 600 nm. Concentration of MDA
was calculated using the extinction coefficient of 155 mmol/(L-cm).
Activities of POD, GR, CAT, and contents of Vc, DHA, GSH, were
analyzed by colorimetric assay kits (Jiancheng Bioengineering In-
stitute, Nanjing, China) following the manufacturer’s instruc-
tions.

2.7 Statistically analyzes

Statistical analysis was carried out using a statistical package
Origin 9.0 (OriginLab, USA). One-way analysis of variance (AN-
OVA) and the Tukey’s test were used to analyze differences
between treatment and control. A P-value of 0.05 was considered
statistically significant.

3 Results

3.1 Growth and morphological comparison of S. fusiforme seed-

lings

The morphology and RGR were displayed in Fig. 1. As com-
pared to the control, Cd stress significantly depressed growth of
S. fusiforme seedlings, lowering RGR over 80% (F, ,=42.21,
P<0.01). Under high Cd level condition, seedlings generally ap-
peared smaller size and darker color as compared to the control
(Fig. 2a).

high Cd stress

3.2 Photosynthetic rates and dark respiration
As displayed in Fig. 3, value of P, in S. fusiforme seedlings was
significantly lowered by high Cd treatment (F, ,=14.67, P<0.05),
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Fig. 1. Relative growth rate (RGR) of Sargassum fusiforme youth
seedlings under the conditions of natural seawater (Control) and
Cd ion enrichment (Treatment) after 10 d of indoor culture. Dif-
ferent lowercase letters represent significant differences between
the control and treatment at 0.05 level of significance. Values are
means+SD for triplicates.
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Fig. 2. Comparisons of viewable morphology (a) and the schematic drawing of physiological processes involved in antioxidation
acidities (b) in Sargassum fusiforme youth thalli after 10 d Cd ion stress. The rectangle represents the enzyme activity and the circle
represents the substance content. The orange represents a significant increase and the light blue represents a significant decrease.

Colorless represents uncertain change.
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while the increase of R; was not significant under the high Cd
level (F, ,=4.69, P=0.10). However, values of R,/P, were signific-
antly increased by high Cd stress (F, ,=15.26, P<0.05).

3.3 Pigment contents and soluble protein

Contents of both the Chl a and Caro were significantly de-
creased by the high Cd treatment (Chl a: F, ,=26.07, P<0.01;
Caro: F; ,=15.26, P<0.05) (Fig. 4a). However, SP in S. fusiforme
seedlings was significantly elevated by high Cd treatment (Fig. 4b,
F, ,=28.86, P<0.01).

3.4 Inorganic Cd uptake rate and accumulation

When growing at high Cd (Fig. 5), the uptake rate (V) in seed-
lings was higher than the control outstandingly (F, ,=146.35,
P<0.01). Correspondingly, Cd contents accumulated in the thalli
growing at high Cd treatment, including both the S. fusiforme
stem and leaf (air sac), were much higher than the control (stem:
F, ,=1475.48, P<0.01; leaf: F, ,=1100.74, P<0.01). Specifically, un-
der high Cd treatment, Cd accumulated in stem was higher than
in leaf (F, ,=104.85, P<0.01); while there was no significant differ-
ence between the stem and leaf growing at the control condition
(F, ,=1.81, P=0.25).

3.5 Antioxidation activities

After 10 d of indoor culture, DHA content and GR activity
were significantly lower in the metal-treated algae than the con-
trols (DHA: F1, 4=204.41, P<0.01; GR: F1, 4,=17.58, P<0.05).
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Fig. 3. Changes in net photosynthetic rates of Sargassum fusi-
forme seedlings at a saturation light intensity of 400 pumol
photons m-2 s-! (P,) and its dark respiration (R,) (A), and ratios
of Ry/P, (B) under the conditions of natural seawater (Control)
and Cd ion enrichment (Treatment) after 10 d of indoor culture.
Significant differences between the control and treatment at 0.01
levels were indicated. Values are means+SD (n=3).
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However, high Cd culture significantly increased the activities of
POD and T-SOD by about 75.9% and 11.5%, and also the con-
tents of Vc and GSH by about 26% and 110%, respectively
(P<0.05) (Fig. 6).

3.6 MDA and CAT contents

Figure 7 showed a non-significantly influence of high Cd
stress on MDA contents in S. fusiforme seedlings (F, ,=6.11,
P=0.07). While the CAT activity was significantly increased under
high Cd culture (F, ,=26.31, P<0.01).

4 Discussion

Cadmium (Cd), a common heavy metal pollutant in the
aquatic environment, is generally toxic to plants, leading to
growth inhibition and biomass reduction (Rizwan et al., 2016; Lii
et al.,, 2018). In the present study, high Cd stress similarly exhib-
ited significant inhibition on the growth of S. fusiforme seedlings
and increased algal thalli color burn, especially the older leaves.
Inhibited growth was also reported in mature S. fusiforme thalli
(Zhang et al., 2015), and other algae species such as Picocystis sp.
(Rihab et al., 2017). Under high Cd stress, Cd accumulated in S.
Jusiforme seedlings and fundamentally impeded their physiolo-
gical processes, including photosynthesis and antioxidation
mechanisms, resulting in algal growth inhibition, which was con-
sistent with the previous study in Sargassum cymosum (Costa et
al., 2017).
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Fig. 4. Pigment (A) and soluble protein (B) contents of Sargas-
sum fusiforme seedlings under the conditions of natural seawater
(Control) and Cd ion enrichment (Treatment) after 10 d of in-
door culture. Significant differences between the control and
treatment at 0.01 levels were indicated. Values are means+SD
(n=3).
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Fig. 6. Changes in antioxidation activities in Sargassum fusiforme youth seedlings under the conditions of natural seawater (Control)
and Cd ion enrichment (Treatment) after 10 d of indoor culture. Different lowercase letters represent significant differences between
control and treatment (P<0.05). Bars represent mean values of three replicates+SD.

Although Cd-ions are not essential for algal growth, they can
be absorbed via facilitated diffusion and active transport (Wéjcik
etal., 2005). Thus, the Cd uptake rate under high Cd conditions is
much higher than in the control group. Seedlings grown under a
high Cd level exhibited higher Cd accumulations in both the
stems and the leaves; this might have contributed to the darker
color of the seedlings. The S. fusiforme stem accumulated more
Cd than the leaves, which was a result of the higher growth and
metabolic transport rates in the seedling leaves compared to the
stem tissue.

Cd accumulation in S. fusiforme seedlings significantly af-
fected the activities of antioxidants and antioxidizes. Under Cd

stress, algae produce ROS to destruct the biological macromolec-
ules, leading to reduced or inactive enzymes, and inducing the
synthesis or activation of ROS-related clearance enzymes (Zhao
et al., 2008; Souza et al., 2012), although it may also induce redox
signals to regulate physiological processes (Kacperska, 2004).
The large number of free radicals produced by high Cd stress
promotes lipid peroxidation and causes severe damage to the
biomembranes in plant cells, including cell membranes, and
chloroplasts (Panda and Choudhury, 2005).

Under the high Cd stress generated in this study, the activit-
ies of SOD, CAT and POD in S. fusiforme seedlings increased sig-
nificantly. In order to decrease oxidative damage, several meta-
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(Control) and Cd ion enrichment (Treatment) after 10 d of in-
door culture. Different lowercase letters represent significant dif-
ferences between control and treatment (P<0.05). Values are
meansSD for triplicates.

bolites and enzymes including SOD, ascorbate peroxidase (APX)
and CAT were functionally activated (Xie et al., 2015). When ex-
posed to high Cd stress, S. fusiforme seedlings activated the first
defense line of SOD to resist the oxidative damage. However, the
seedlings increased CAT activity. Although Cd ions destroyed
photosynthetic pigments in seedlings, H,0, content was reduced
by photosynthetic electron transport reaction. The seedlings ac-
tivated POD, a terminal containing iron oxidase, which oxidizes
phenols in the presence of H,0, and disseminating H,O, from
plant cells, thereby preventing the free radicals from attacking
membrane lipids. Under adverse conditions, increasing POD
activity is a common mechanism to remove excess ROS in plants,
while the POD activity typically decreased when stress exceeded
the plants’ ability to regulate (Yu et al., 2007).

Among the array of antioxidant pathways, the AsA-GSH cycle
is the most important circulatory system. The AsA-GSH cycle is
mainly present in the cytoplasm and chloroplasts of algal cells to
disseminate H,O,. The primary regulators of this cycle consist of
non-enzymatic antioxidants (Tian and Yu, 2009). The experi-
ment in this study showed that the concentrations of GSH and Vc
increased significantly under high Cd levels, whereas the DHA
concentration and the GR activity decreased. The synthesis of
GSH was enhanced due to the regulation of S-adenosylmethion-
ine synthetase (SAMS) and GS, both involved in GSH synthesis
(Xiao et al., 2015). GSH is a major intracellular antioxidant and a
precursor of phytochelatins, which can form a chelate with Cd?*
and reduce metal ion toxicity (Wéjcik and Tukiendorf, 2011). A
decrease in the GR activity also lowered the reduction reaction of
GSH. Additionally, as a regulator of ascorbate-glutathione, GSH
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can accelerate the whole cycle of antioxidant system. This effect
was also demonstrated by a significant increase of Vc and a de-
crease of DHA concentrations. However, under high Cd stress,
there was no significant increase in MDA compared to the con-
trol group. The observation was consistent with the results in
higher plants as reported by Li et al. (2015). These reactions
mainly result from the effective antioxidant system, including en-
hanced CAT activity, to remove active oxygen.

Inhibited growth under high Cd stress was also a result of re-
stricted photosynthesis. Under high Cd stress, P, and photosyn-
thetic pigments in S. fusiforme seedlings were reduced. This was
consistent with the previous studies on Gracilaria tenuistipitata
(Simioni et al., 2015), and Gracilaria domingensis (Dos Santos et
al., 2012). Earlier studies showed that under high Cd stress, S.
fusiforme reduced photosynthetic efficiency by down-regulating
the synthesis of key enzymes such as 1, 5-bisphosphate ribulose
carboxylase/oxygenase (Rubisco) and phosphoglycerate kinase
(PGK) (Zhang et al., 2015). Thus, the decreased photosynthesis
rate in S. fusiforme seedlings under high Cd level resulted from
the decreased activity and synthesis of enzymes and the reduced
photosynthetic pigmentation. As a result of the reduced photo-
synthetic pigments and inhibited growth, the proportion of other
pigments such as xanthophyll increased. Similarly, the amount of
blocked Cd in the cytoderm of old and slow-growing tissues in
the thalli expanded (Wojcik et al., 2005), and the color of S. fusi-
forme thalli deepened.

The lower pigment content in this study also indicated that
photosynthetic pigments were one of the targets of Cd-ions. Pho-
tosynthetic pigments and devices of plants were considered the
main victims of heavy metal pollution (Xia et al., 2004; Baumann
et al., 2009). The reduction of pigments might also result from the
destruction of the chloroplasts, the pigment synthesis site.
Chloroplasts play a major role in the regulation of ‘redox homeo-
stasis’ in plant cells and are the first to be affected by oxidative
stress (Kacperska, 2004). As demonstrated in Chlorella pyren-
oidosa (Wang et al., 2013), Cd stress impairs the chloroplasts
structure and function and interferes with their stable bond to
proteins, thereby damages the photosynthetic apparatus (Kiipper
etal., 2007). Moreover, Cd-ions can bind to the mercaptan group
in the enzyme activity center and replace the essential element in
the metalloproteins, such as Mg?* in the chlorophyll molecule.
This replacement lowers the light-harvesting ability of chloro-
phyll (Kiipper et al., 1998) and affects the activity of enzymes re-
lated to chlorophyll synthesis (Stobart et al., 1985). Consequently,
the synthesis of chlorophyll, which contributes to the light en-
ergy capture for photosynthesis in S. fusiforme seedlings, was in-
hibited as well as the photosynthesis.

Under high Cd stress, the concentration of soluble protein
was significantly higher than in the control group, indicating that
the protein expression process in the seedlings was also affected.
Due to the high Cd stress, a strong increase in proteins involved
in glycolysis by the TCA cycle (Kieffer et al., 2009) and the antiox-
idant reaction (Yu et al., 2007) were activated, which synthesized
amount of protein, including kinds of enzymes. When the algae
are subjected to Cd stress, many mechanisms were involved in
suppressing the damages, such as generating Cd resistance pro-
teins and activating Cd transport. The resistance mechanisms in
algae are energy-intensive. This study also found that R;/P, of S.
Jusiforme seedlings increased significantly under high Cd stress,
indicating the increased energy consumption to maintain nor-
mal metabolisms.

In conclusion, high Cd stress caused Cd accumulation in the
stem and leaves of S. fusiforme seedlings. Sargassum fusiforme
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seedlings could active a series of resistance mechanism to de-
fend against high Cd stress (as shown in Fig. 2b), such as increas-
ing the antioxidant activities of POD, SOD, V¢, and the AsA-GSH
cycle to disseminate H,0, and to maintain a healthy metabolism
in the algal cells. High levels of Cd in the environment are con-
firmed to have toxic effects on commercial S. fusiforme seedlings.
The excessive Cd significantly inhibited the photosynthesis and
reduced the photosynthetic pigments in the seedlings, resulting
in inhibited growth and deep morphological color, especially in
the stems. Thus, Cd pollution negatively influences the S. fusi-
forme culture industry, and the accumulated Cd can enter hu-
man bodies via the edible seaweed.
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