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Abstract
Se can regulate Cd accumulation and translocation in plants; however, such effects can be controversial because of the differences
in plant species and Se species. In this study, pak choi was cultured under hydroponic conditions, and the effects of selenite and
selenate on Cd accumulation were investigated in the edible parts of this vegetable. The results showed gradual improvements in
the effects of the two Se species on the Cd content in pak choi shoots at the four assessed growing stages. Selenite did not lead to
significant changes in Cd accumulation in the shoots until day 40, when it significantly reduced the accumulation by 34%.
Selenate was always found to increase the Cd content in the shoots, and the differences on days 19 and 40 were 16% and 45%,
respectively, compared with those of the Cd (only) treatment. Accordingly, selenate invariably enhanced Cd translocation from
the roots to the shoots, whereas selenite insignificantly reduced the translocation only on day 40. Generally, selenomethionine
(SeMet) accounted for much larger proportions in selenite-treated plants, while SeO4

2− was the dominant Se species in selenate-
treated plants. However, under both Se treatments, the SeMet proportion increased substantially from day 19 to day 40 when that
of SeO4

2− exhibited a drastic decrease; therefore, the relative proportion of seleno-amino acids to SeO4
2− may be the key factor

for the regulation of Cd accumulation in pak choi via treatment with selenite and selenate at the different growing stages.
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Introduction

Cd contamination in soil represents a growing concern owing
to its threat to the environment and human health. Cd, a highly

toxic heavy metal, is not only able to induce renal and liver
failure, osteoporosis, and gout, but it also interferes with pro-
cesses of respiration and boosts oxidative stress and can thus
potentially cause cancer in humans (Jarup 2002). Cd intake by
humans mainly occurs via the food chain and is mostly attrib-
uted to the uptake by crops from the environment (Jarup
2002). Pak choi (Brassica chinensis L.) is one of the most
consumed leafy vegetables in China; however, it is also a
potential accumulator of Cd, among many other plant species
(Bo and Chen 2013; Yang et al. 2009). Given the substantial
vegetable consumption and, more importantly, the current sit-
uation of Cd soil contamination in vegetable-farming areas
(Hu and Ding 2009; Sawut et al. 2018), it is of great urgency
to reduce the Cd accumulation in pak choi.

Se has six valence states, but selenate (6+) and selenite (4+)
are the most dominant species in the soil environment (Terry
et al. 2000). Se is essential for several human enzymes
(Bhabak andMugesh 2010), and although it is not an essential
element for plants, at optimal doses, Se can restore cellular
structure and improve resistance, photosynthetic efficiency,
and antioxidative defense in plants (Feng et al. 2013a, b;
Haghighi and da Silva 2016; Yu et al. 2018), to which most
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researches attribute the antagonism between Se and Cd.
Although numerous related studies have been conducted, var-
iations in the doses of elements, plant species, applied Se
species (mostly selenite and selenate), and exposure times
can lead to controversial and even opposing results. For ex-
ample, selenite and selenate both reduced the Cd content in
Phaseolus mungo treated with 17.70 μmol L−1 of Cd under
the hydroponic condition (Shanker et al. 1995); foliar appli-
cation of selenite enhanced Cd accumulation in the leaves,
stems, and roots of Nicotiana tabacum (Yu et al. 2017); how-
ever, contrasting effects were also achieved between the two
inorganic Se species in other pak choi cultivars as well as in
Spinacia oleracea under field conditions (Golubkina et al.
2017; Yu et al. 2018). Consequently, one of the aims of this
study was to compare the effects of selenite and selenate on
Cd accumulation and translocation in pak choi.

Because of the different charges and uptake transporters of
Cd (Cd2+) and Se (SeO3

2−/ SeO4
2−), there is no uptake com-

petition between the two elements (Smith et al. 1997; Li et al.
2008; Clemens et al. 2013); therefore, in vivo interactions are
considered to be the only reason for Se affecting Cd accumu-
lation in plants. As an analog to sulfur (S), Se is assimilated
via the S pathways in plants, where selenate that is taken up is
firstly activated to adenosine phosphoselenate before being
reduced to selenite (Dilworth and Bandurski 1977; Burnell
1981; Pilon-Smits and Quinn 2010). After the reduction of
selenate, Se is gradually reduced to selenide (− 2) and incor-
porated into seleno-amino acids, such as selenocysteine
(SeCys) and selenomethionine (SeMet), and selenoproteins
(Dilworth and Bandurski 1977; Ng and Anderson 1979;
Pilon-Smits and Quinn 2010). Such organic Se species have
distinct chemical structures and biochemical properties
(Whanger 2002; Rayman 2008), and they may interact with
and affect in vivo Cd disparately. Therefore, the different ef-
fects of selenite and selenate can be attributed to the differ-
ences in their assimilation, and thus, another goal of the pres-
ent study was to analyze how Se transformation affects Cd
accumulation in pak choi.

Materials and methods

Plant hydroponic culture

Pak choi (B. chinensis, “Hangzhouyoudonger”) was cultured
in a greenhouse under the following conditions: 25/15 °C
(day/night), a 14 h day−1 photoperiod, and 70% of relative
humidity. Seeds were thoroughly washed with deionized wa-
ter, soaked with saturated CaSO4 for 4 h, and then washed
again before being germinated in vermiculite. After 10 days,
uniform seedlings with three leaves were transplanted to 2.5-L
plastic pots containing 1/5-strength Hoagland solution. The
solution composition was as follows (mmol L−1): KNO3,

1.0; MgSO4, 0.4; NH4H2PO4, 0.5; Ca (NO3)2, 1.0; EDTA-
Fe (III), 0.03; H3BO3, 3 × 10−3; MnSO4, 1 × 10−3; ZnSO4,
1 × 10−3; CuSO4, 2 × 10−4; and Na2MoO4, 2 × 10−4

(Hoagland and Arnon 1941). The nutrient solution was buff-
ered with 1 mmol L−1 of MES (the pH was adjusted to 5.8
with KOH) and renewed every 3 days throughout the
experiment.

Cd and Se exposure in four growing stages

At 6, 13, 20, and 27 days after the transplantation,
10 μmol L−1 of Cd (as Cd (NO3)2·4H2O) was added individ-
ually or with Se at the same dose (as either Na2SeO3 or
Na2SeO4) to the nutrient solution. A control without the addi-
tion of either element was also prepared. Each treatment was
replicated four times. Plants were harvested 3 days after the
exposure (i.e., at 19, 26, 33, and 40 days after sowing, respec-
tively), divided into shoots and roots, and thoroughly washed
with deionized water. Roots were incubated in 150 mL of
desorption solution of 1 mmol L−1 MES (pH 5.8) and
CaSO4 to remove ions adsorbed on the root surface. After
being washed with deionized water again, plant samples were
weighed, frozen in liquid nitrogen, pulverized, and stored at −
25 °C for the element determination and Se speciation
analyses.

Se speciation using HPLC-UV-AFS

Se extraction and the working conditions of the high-
performance liquid chromatography coupled with atomic
fluorescence spectrometry (HPLC-UV-AFS) were based on
the procedures of Hu et al. (2018b), with some modifications.
Pak choi samples that were collected 19 and 40 days after
sowing (i.e., the first and the fourth samplings) were extracted
with Streptomyces griseus protease (type XIV; SigmaAldrich,
USA), and only samples treated with both Cd and Se were
included. Samples of shoots (1.00 g), selenite-treated roots
(0.30 g), and selenate-treated roots (0.15 g) were ground in
5 mL of 8 mg mL−1 protease; the mixture was then oscillated
at 150 rpm and 37 °C for 18 h before being centrifuged at
13000 rpm for 15min. The supernatant was filtered (0.22 μm)
for HPLC analysis.

Se speciation was performed using HPLC with an anion-
exchange column (250.0 × 4.1 mm, 10 μm; PRP-X100;
Hamilton, Switzerland) fitted in a guard column (25.0 ×
2.3 mm, 10–20 μm; PRP-X100; Hamilton, Switzerland).
Operating conditions for HPLC were as follows: 25 °C,
100 μL of injection volume, and 40 mmol L−1 of
(NH4)2HPO4 as the mobile phase (the pH was adjusted to
6.10 with methanoic acid) at a flow rate of 1 mL min−1. To
measure the concentration of a Se species at a certain retention
time, the HPLC was coupled with UV-AFS (SA-20; Beijing
Jitian Instrument Co. Ltd., PRC), and the operating conditions
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were set at 10 g L−1 of KI and 20 g L−1 of KBH4, both
dissolved in 5 g L−1 of KOH and carried by 10% HCl (v/v;
guaranteed reagent, GR).

Five selenocompounds: selenocystine (SeCys2), Se-
methylselenocysteine (SeMeCys), SeO3

2− (Se (IV)),
selenomethionine (SeMet), and SeO4

2− (Se (VI)), were mixed
thoroughly as standard samples (i.e., GBW10087,
GBW10088, GBW10032, GBW10034, and GBW10033, re-
spectively; National Institute of Metrology, PRC). The reten-
tion times of these selenocompounds were approximately
172, 205, 250, 318, and 735 s, respectively.

Determination of Cd and Se

Samples of fresh shoots (0.30 g) and fresh roots (0.15 g) were
microwave-digested (Mars 5; CEM, USA) with 65% HNO3

(w/v; GR). The concentrations of 111Cd and 78Se in the diges-
tion were determined using ICP-MS (ICP-MS 7700; Agilent
Technologies, USA). Blank digestion samples and a certificat-
ed material (GSB-26, celery; National Institute of Metrology,
PRC) were included throughout the entire determination pro-
cedure. The elemental recovery for GSB-26 varied between
90 and 110%.

Data analysis

All the results are based on the fresh weights (FWs) and pre-
sented as means ± standard errors (SE; n = 4). The concentra-
tions or contents of the selenocompounds are based on the
amount of Se.

The translocation factor and uptake rate for Cd were calcu-
lated using Eqs. (1) and (2), respectively:

Translocation factor ¼ Cs

CR
ð1Þ

Cd uptake rate ¼ Cs �W s þ CR �WR

WR
ð2Þ

where CS, CR, WS, and WR represent the contents of Cd in
shoots and roots (mg kg−1) and the fresh weights of shoots and
roots (kg), respectively.

To evaluate the efficiency of Se extraction from the plant
samples, the extraction rate was calculated using the following
equation:

E ¼ C0

C
� 100% ð3Þ

where E, C0, and C represent the extraction rate (%), the sum
contents of five Se species in plant samples extracted with
protease (mg kg−1), and the total Se content in plant samples
that were microwave-digested with HNO3 (mg kg−1),
respectively.

Additionally, the proportions of each selenocompound
were obtained using the following equation:

Pi ¼ Ci

∑Ci
� 100% ð4Þ

where Pi, Ci, and ∑Ci represent the proportions of a certain
selenocompound among all five compounds (%), the concen-
tration of the selenocompound in the extraction (mg Se kg−1),
and the sum concentration of all five selenocompounds (mg
Se kg−1), respectively.

Results

Biomass

The growth rate of pak choi increased substantially with age
(Fig. 1); the shoot biomass was 100 times higher at the first
sampling than that at the last sampling (Fig. 1a). More impor-
tantly, the variation in the shoot biomass was more obvious on
day 40 than on any other date (Fig. 1a). Although all the
treatments slightly reduced the shoot biomass compared with
the control, none of the differences in the first three samplings
were significant. Only in the last sampling, the shoot fresh
weight was found to have been significantly decreased by
24% (p < 0.05) in the individual Cd treatment, which then rose
back to the control level under the influence of selenite and
selenate (Fig. 1a).

The differences in the root biomass between the treatments
were much greater than those in the shoot biomass (Fig. 1b).
Cd applied individually or in combination with selenite did
not have any significant effects on the root biomass in the first
three samplings, whereas Cd with selenate significantly re-
duced it by ~ 40% and ~ 60% on days 26 and 33, respectively,
regardless if compared with the control or Cd alone (p < 0.05).
On day 40, the root biomass declined by 42% with only Cd
addition (p < 0.05), and those with selenite and selenate addi-
tion increased by 35% and 45%, respectively, compared with
that of Cd alone; however, they were still under the level of the
control (Fig. 1b).

Cd accumulation and translocation and Se uptake
in pak choi

Obvious bio-dilution was observed in the Cd content in
both shoots and roots; i.e., the Cd contents were 69% and
63% on day 40, respectively, less than those on day 19
(Fig. 2). Selenite enhanced the Cd content in pak choi
shoots to a certain degree in the first two samplings, com-
pared with that of the individual Cd treatment; however,
the Cd content significantly decreased in the last two sam-
plings (to 34% in the last sampling; p < 0.05). On the other
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hand, selenate always stimulated Cd accumulation in
shoots, and the Cd contents in the combined Cd and sele-
nate treatments were 16%, 50%, 15%, and 45% more than
those in the Cd only treatment, in the four growing stages,
respectively (Fig. 2a).

The effect of selenite and selenate on the roots was consis-
tent over the four samplings; i.e., they both reduced the Cd
content in roots, and selenate was more effective (Fig. 2b).
The addition of selenate diminished the Cd content in roots
by 28%, 19%, 47%, and 22% in the four samplings, respec-
tively, when compared with treatments with Cd only.

In contrast to the sharp decline in Cd content over the
growth stages, the Cd uptake rate was essentially maintained

at comparable levels (Fig. 3). Moreover, the uptake rate was
invariably inhibited by selenite but increased by selenate; the
differences between the uptake rates of plants treated with Cd
only and in combination with selenite were no more than 16%
before day 33, but increased to a significant extent to 27% on
day 40 (p < 0.05). Compared with the Cd only treatment, sel-
enate did not cause significant change, except on day 26 when
the uptake rate was improved by roughly 25%.

Both Se treatments enhanced the Cd translocation from the
root to the shoot before day 33 (Table 1); the effect of selenite
was non-significant, while that of selenate was greater and
always significant (p < 0.05). The translocation factors for
plants treated with selenate were 37%, 100%, 116%, and
97% higher than those only treated with Cd in the four stages,
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Fig. 2 TheCd content in shoots (a) and roots (b) of pak choi (B. chinensis
“Hangzhouyoudonger”) in four growing stages with different treatments
(fresh weight). Cd, individual treatment of 10 μmol L−1 Cd; Cd + SeIV,
10 μmol L−1 Cd combined with selenite; Cd + SeVI, 10 μmol L−1 Cd
combined with selenate. Results are presented as means + SEs (n = 4);
different letters indicate significant differences in the Cd content in shoots
according to the LSD test (p < 0.05)
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Fig. 1 Shoot (a) and root (b) biomass of pak choi (B. chinensis
“Hangzhouyoudonger”) at four growing stages under different
treatments (fresh weight). CK, the control; Cd, individual treatment of
10 μmol L−1 Cd; Cd + SeIV, 10 μmol L−1 of Cd combined with selenite;
Cd + SeVI, 10 μmol L−1 of Cd combined with selenate. Results are
presented as means + SEs (n = 4); different letters indicate significant
differences in the biomass of shoots according to the LSD test (p < 0.05)
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respectively. However, at the last sampling, selenite inhibited
the rate by 33%, but the difference was still insignificant.

Se accumulation showed two distinct patterns in selenite
and selenate-treated pak choi shoots (Table 2). The total Se
content in the former was no more than 4% of that in the latter.
However, comparable contents of Se were observed in the
roots of plants subjected to the two Se treatments, with selenite
causing a higher Se accumulation, except at the first sampling.
On days 33 and 40, the Se contents in the roots of the selenite-
treated plants were 85% and 73% higher, respectively, than
those treated with selenite (p < 0.05).

Se speciation through HPLC

The extraction rates of Se species through protease were accept-
able and ranging around 67% of the total Se (Table 3). To im-
prove the separation of each Se species throughHPLC, the pH of

the mobile phase was slightly increased to 6.10. The retention
times of SeCys2, SeMeCys, SeO3

2−, SeMet, and SeO4
2− were

approximately 172, 205, 250, 318, and 735 s, respectively
(Fig. 4). Under the current working conditions, the HPLC was
able to separate the latter four selenocompounds excellently, but
the resolution between SeCys2 and SeMeCys was not ideal with
close retention times.

Because of the distinct levels between selenite and selenate
taken up by pak choi (Table 2), the contents of every Se spe-
cies in the selenate-treated plants (if detected) was higher than
those in the selenite-treated plants. The contents of SeCys2,
SeMeCys, SeMet, and SeO4

2− in selenate-treated shoots were
0.5, 6.0, 8.2, and 13.5 times higher than those in selenite-
treated plants on day 19, respectively. On day 40, the differ-
ences in the contents of the latter three Se species were signif-
icant and became more obvious (p < 0.05; Table 4).

The variation in the contents of Se species in the roots was
far minor, and the contents of SeCys2 and SeO3

2− were not
significantly affected by either the treatments or the ages. On
day 19, the SeMet content in the selenite-treated roots was no
less than two times higher than that in the selenate-treated
plants, but the difference was only 16% on day 40.

Besides, an important bio-dilution of each Se species was
observed in the selenite-treated shoots. The contents of
SeMeCys and SeMet on day 40 were no more than 25% of
those on day 19, whereas the SeO4

2− content declined by
94%, and SeCys2 was even not detected. The dilution was
less obvious in the roots or in the selenate-treated shoots
(Table 4).

The proportions of the five selenocompounds in the
Hangzhouyoudonger cultivar treated with selenite varied
greatly over the two ages (Fig. 5). The HPLC revealed that
SeO3

2− was not detected in the shoots, while all five species
were found in the roots. SeO4

2− accounted for the highest
proportion among five species in the shoots under both Se
treatments at the two ages; i.e., at 19 days after sowing, no
less than 60% of the Se was SeO4

2−, and the proportions of the
other three detected species were relatively similar to each
other (Fig. 5a). When the pak choi plants were 40 days old,
the SeO4

2− proportion decreased by 37%, whereas those of
SeMeCys and SeMet increased by 145% and 95%, respective-
ly. The proportions of these three selenocompounds were all
comparable at roughly 33% each. Plants treated with selenate
did not exhibit much of a change in the proportions; i.e., that
of SeO4

2− was higher than 2/3 at both ages, despite it having
slightly decreased (by 13%) from day 19 to day 40. At the
same time, the proportions of SeCys2, SeMeCys, and SeMet
at the first sampling were 2.05, 1.00, and 6.89 percentage
points higher than those on the last sampling day (Fig. 5a).
In addition, the selenite treatment led to relatively high pro-
portions of seleno-amino acids, such as SeMeCys and SeMet,
while SeO4

2−was the predominant species in shoots under the
influence of the selenate treatment.

Age of seedling (d)

19 26 33 40

( etar ekatpu d
C

g 
g

 1-
)toor

0

100

200

300

400

500

600

700
Cd
Cd+SeIV
Cd+SeVI

b

b

b
b

b

a

c

c
c

d

c
c

Fig. 3 The Cd uptake rate by pak choi (B. chinensis “Hangzhouyoudonger”)
in four growing stages with different treatments (fresh weight). Cd, individual
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selenite; Cd + SeVI, 10 μmol L−1 Cd combined with selenate. Results are
presented as means + SEs (n = 4); different letters indicate significant
differences in the uptake rate according to the LSD test (p< 0.05)

Table 1 Translocation factors of pak choi (B. chinensis
“Hangzhouyoudonger”) in four growing stages (fresh weight) in various
treatments with Cd and Se species

Age (days) Cd Cd + SeIV Cd + SeVI

19 0.149 ± 0.008 cdef 0.186 ± 0.017 bcd 0.204 ± 0.021 bc

26 0.073 ± 0.004 g 0.107 ± 0.006 efg 0.146 ± 0.023 cdef

33 0.124 ± 0.016 defg 0.164 ± 0.008 cde 0.268 ± 0.023 a

40 0.126 ± 0.009 defg 0.085 ± 0.015 fg 0.248 ± 0.058 ab

Cd, individual treatment of 10 μmol L−1 Cd;Cd+ SeIV, 10 μmol L−1 Cd
combined with selenite; Cd + SeVI, 10 μmol L−1 Cd combined with
selenate. Results are presented as means ± SEs (n = 4). Different letters
indicate significant differences in the translocation factors according to
the LSD test (p < 0.05)
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As the plants aged, the proportion of SeO4
2− in the selenite-

treated roots drastically decreased by 82%, whereas that of
SeMet increased by ~ 100%; those of the other three species
were less than 10% and did not varymuch (Fig. 5b). Similarly,
the SeO4

2− proportion in roots treated with selenate decreased
by 49% over the two ages, while that of SeMet increased by
61%. As observed in the shoots, the dominant species were
SeO4

2− and SeMet in the selenate and selenite-treated roots,
respectively, on day 19, and yet SeMet was found in the
highest proportion under both Se treatments on day 40.

Discussion

Se treatments contrastingly affected Cd accumulation
and translocation in pak choi

In this study, the two Se treatments, selenite and selenate, were
observed to have gradually enhanced effects on the Cd content
in shoots exposed to 10 μmol L−1 of Cd among the growing
stages of pak choi (Fig. 2a). On day 40, selenite and selenate
had opposite effects on the Cd content in shoots as well on as
the translocation compared with those of the Cd only treat-
ment, both to a significant extent.

Even as a non-essential element for higher plants, Se at opti-
mal doses can still play an important role in regulating the uptake
of essential elements and heavymetals (Feng et al. 2013a). There
have been numerous reports of Se inhibiting Cd accumulation in
plants; however, the findings can be controversial, when consid-
ering the different doses of the elements, Se species, plant spe-
cies, exposure times, and even culture conditions. For example,

theCd accumulation inB. napus grown on a culturemediumwas
significantly reduced by 2 μmol L−1 of selenite (Filek et al.
2008); selenite and selenate both inhibited the Cd uptake by
Phaseolus mungo, and selenite was more effective (Shanker
et al. 1995); similar to our findings, opposite effects were also
achieved on Cd in other pak choi cultivars as well as Zn and Cd
in S. oleracea under field conditions (Golubkina et al. 2017; Yu
et al. 2018).

The disparate effects of the two forms of inorganic Se applied
could be attributed to the differences in their assimilation in plants
(Burnell 1981; Terry et al. 2000). It has been demonstrated that
both selenite and selenate are assimilated through the S pathways
in high plants, whereby selenate is first activated by ATP to
adenosine phosphoselenate and then reduced to selenite by glu-
tathione (GSH) in a non-enzymatic reaction (Dilworth and
Bandurski 1977). More importantly, because of the significantly
higher levels of Se and SeO4

2− (Table 2), it took substantial GSH
to metabolize Se in selenate-treated plants (Terry et al. 2000).
GSH is not only an electron donor that reduces heavy metal-
induced reactive oxygen species (Pompella et al. 2003) but also
the sole precursor of phytochelatins (PCs) under the catalysis of
phytochelatin synthase in plants (Vatamaniuk et al. 2000).
However, given that the level of GSH is generally much higher
than that of Se (Table 2; Hasanuzzaman et al. 2017; Yu et al.
2018), GSH-mediated Cd sequestration in the root was unlikely
impeded by Se assimilation in pak choi. Additionally, the activa-
tion of selenate is the rate-limiting step of the entire pathways
(Dilworth and Bandurski 1977); therefore, even at appropriate
doses, the reducing effect of the selenate treatment can be much
later than that of the selenite treatment, as revealed byWan et al.
(2016) and our previous study on pak choi (Yu et al. 2018).

Table 2 Total Se content in pak
choi (B. chinensis
“Hangzhouyoudonger”) roots and
shoots in four growing stages
(mg kg−1; fresh weight) in various
treatments with Cd and Se species

Age (days) Shoot Root

Cd + SeIV Cd + SeVI Cd + SeIV Cd + SeVI

19 3.55 ± 0.30 e 47.50 ± 2.73 a 27.02 ± 1.81 ab 18.31 ± 1.66 c

26 1.85 ± 0.26 e 60.77 ± 2.95 b 27.38 ± 1.09 ab 33.39 ± 3.58 a

33 0.87 ± 0.05 f 26.81 ± 1.81 c 13.85 ± 1.27 d 25.57 ± 1.82 ab

40 0.44 ± 0.13 g 26.29 ± 1.69 d 13.94 ± 1.33 d 24.08 ± 1.86 bc

Cd + SeIVand Cd + SeVI stand for 10 μmol L−1 Cd combined with selenite and selenate, respectively; only data
of the two Se treatments were included. Results are presented as means ± SEs (n = 4). Different letters indicate
significant differences in the Se content in shoots or roots according to the LSD test (p < 0.05)

Table 3 The extraction rate of Se
species in pak choi (B. chinensis
“Hangzhouyoudonger”) roots and
shoots through proteinase XIV
extraction (%)

Age (days) Shoot Root

Cd + SeIV Cd + SeVI Cd + SeIV Cd + SeVI

19 59.81 ± 5.11 abc 51.55 ± 7.65 bc 86.26 ± 15.59 a 76.36 ± 18.58 ab

40 61.12 ± 18.22 abc 74.30 ± 8.06 ab 81.43 ± 27.80 ab 57.89 ± 3.24 abc

Only data from treatments where Se and Cd were both added were included. Different letters indicate significant
differences in the extraction rates, regardless of the parts of pak choi, according to the LSD test (p < 0.05)
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On the other hand, the Cd accumulation in and transloca-
tion to the shoots were both inhibited under the influence of
selenite on day 40 (Fig. 2a, Table 1). As a chemical analog to
S, Se can restore cellular structure and function such as the
integrity of the endomembrane system and the antioxidative
system (Feng et al. 2013a), which is of great significance for
the restriction of Cd uptake. Considering the relatively lower
total Se content and proportion of SeO4

2− (Tables 2 and 3), the
GSH consumption in selenite assimilation was minor, and
thus, it could not eliminate the reducing effect of Se on Cd
accumulation and translocation in pak choi. However, when
the doses of Cd and selenite increased, Se can still cause en-
hanced Cd accumulation and toxicity in plants (Feng et al.
2013b; Yu et al. 2018).

Se speciation in the first and last growing stages

Generally, Se4+ is reduced to Se2− through S assimilation,
where the oxidation of Se is not involved, before being incor-
porated into seleno-amino acids and selenoproteins (Terry
et al. 2000). This occurs in the chloroplast instead of the root
under the catalysis of a set of enzymes (Dilworth and
Bandurski 1977; Bruhl et al. 1996; Kim and Leustek 1996;
Ng et al. 1979); however, after 3 days of exposure, respectable
amounts of seleno-amino acids were found in pak choi roots
with both Se treatments (Table 4). Not only did Huang et al.
(2017) and Hu et al. (2018a) detect SeCys2, SeMeCys, and
SeMet in selenite-treated wheat roots through X-ray absorp-
tion near-edge structure and HPLC-ICP-MS, respectively, but
Li et al. (2008) reported that seleno-amino acids were the
dominant species, whereas inorganic Se accounted for low
amounts in the root xylem sap of selenite-treated wheat; they
also found SeO4

2− in wheat exposed to Se4+ or Se0 (Huang
et al. 2017; Hu et al. 2018a). Therefore, Se assimilation might
take place in plant roots as well, and an unknown pathway for
Se oxidation could exist in plants (Pronk et al. 1990).

Few studies have focused on how Se transformation affects
metal accumulation in plants, and themechanisms are still poorly
understood. In this study, the Se species in pak choi were
encompassed by the five standard selenocompounds with no
unknown species found (Fig. 4). It is known that the function
group in PCs is thiols (Vatamaniuk et al. 2000); Cd can even
form more stable complexes with Se ligands than with S ligands
in chemical reaction (Jalilehvand et al. 2012). Therefore, selenos
(-SeH) might have similar functions to thiols with regard to the
chelation of metal ions when S was substituted with Se in Cys/
SeCys residues. The only seleno group–containing species de-
tected in the present study was SeCys2, an oxidized dimer of
SeCys via the linkage of two SeCys residues with a diselenide
bond (Cys–Se–Se–Cys; Whanger 2002); the transformation be-
tween them happens spontaneously in the aqueous phase

Table 4 The contents of five Se species in pak choi (B. chinensis “Hangzhouyoudonger”) roots and shoots at different ages (mg Se kg−1, fresh weight)
in various treatments with Cd and Se species

Treatment Age (days) SeCys2 SeMeCys Se (IV) SeMet Se (VI)

Shoot Cd + SeIV 19 0.21 ± 0.03 c 0.25 ± 0.04 d ND 0.34 ± 0.07 c 1.29 ± 0.13 e

40 ND 0.06 ± 0.01 e ND 0.07 ± 0.01 d 0.08 ± 0.01 f

Cd + SeVI 19 0.31 ± 0.05 c 1.74 ± 0.20 a ND 3.13 ± 0.43 b 18.78 ± 2.31 a

40 0.65 ± 0.16 bc 1.54 ± 0.22 ab ND 3.89 ± 0.67 b 13.19 ± 1.69 b

Root Cd + SeIV 19 2.01 ± 0.52 a 1.04 ± 0.11 c 0.13 ± 0.01 a 9.15 ± 1.22 a 8.06 ± 2.17 cd

40 0.89 ± 0.19 ab ND 0.13 ± 0.02 a 8.49 ± 2.13 a 0.91 ± 0.31 e

Cd + SeVI 19 1.89 ± 0.42 a 0.84 ± 0.17 c 0.13 ± 0.04 a 2.76 ± 0.78 b 10.39 ± 2.29 bc

40 1.36 ± 0.32 ab 1.12 ± 0.20 c 0.14 ± 0.03 a 7.34 ± 1.38 a 4.09 ± 0.68 d

ND, not detected; such results were not included, and therefore, the degrees of freedom were different between treatments. Only data from treatments
with the addition of both Se and Cdwere included; Cd + SeIVandCd + SeVI represent the treatments where Cdwas combined with selenite and selenate,
respectively. Results are presented as means ± SEs (n = 4). Different letters indicate significant differences in the content of one of the Se species,
regardless of the pak choi parts (LSD, p < 0.05)

Fig. 4 Chromatogram of five 100 μg L−1 selenocompounds through
HPLC. SeCys2, SeMeCys, Se (IV), SeMet, and Se (VI) represent
selenocystine, Se-methylselenocysteine, SeO3

2−, selenomethionine, and
SeO4

2−, respectively
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(Whanger 2002). These seleno groups were mostly found in
roots with both Se treatments in this study, and given that PCs
are more synthesized in the root, this might indicate the potential
roles of SeCys/SeCys2 in immobilizing Cd in selenite/selenate-
treated pak choi.

On the other hand, SeMeCys and SeMet are the main Se
species in Brassica plants (Whanger 2002; Rayman 2008), as
was the case in this study; however, the Se in these two
selenocompounds is covered by a methyl group and therefore
loses its reactive activity to metal ions (Rayman 2008).
Nevertheless, the most important difference between the
selenite- and selenate-treated pak choi was that SeMet was
the dominant species in the former, while the SeO4

2− propor-
tion was the highest in the latter. The Cd content in the
selenite-treated shoot was significantly reduced only on day

40 when a sharp decline in SeO4
2− proportion was observed,

but the proportions of SeMet and SeMeCys were significantly
higher than those on day 19 (Fig. 2a, Table 4). Furthermore,
enhanced production of SeMet in B. napus via the individual
addition of both Cd and Pb was also reported elsewhere (Wu
et al. 2016). SeMet is more redox-sensitive than methionine, a
protein amino acid (Padmaja et al. 1996), and therefore, it can
act as a more effective electron donor to eliminate ROS and
prevent methionine oxidation (Assmann et al. 1998; Jing et al.
2015); this might explain why Se only increased the biomass
of Cd-treated pak choi on day 40.

Another factor that could contribute to the differing effects
of selenite and selenate was the distinct uptake transporters
and transport patterns for selenite and selenate. Selenate up-
take is regulated by high-affinity sulfate transporters, and the
amount of selenate taken up by plants is much more than that
of selenite (Terry et al. 2000). Furthermore, selenite is mostly
retained in the root, while selenate is more readily transported
to the shoot (Table 2; Terry et al. 2000;Wan et al. 2016). It has
been reported that Se at lower doses can lead to a reduction in
Cd accumulation; however, such effects can be reversed when
higher doses of Se is applied, and the threshold for selenate is
much lower (Feng et al. 2013b). Therefore, when taking the
results for Se speciation into consideration, we can infer that
SeMet is the key selenocompound for the reduction of Cd
accumulation in pak choi, and SeCys2 can possibly be bene-
ficial for Cd retention in roots; such effects could be abrogated
by high levels of SeO4

2− and altered by the relative propor-
tions of seleno-amino acids to SeO4

2− .
The effects of Se on plants are systemic, and Se may influ-

ence many processes involved in the uptake, transportation,
and accumulation of metals in plants. For example, Se can
affect transpiration, which is vital for metal uptake, especially
when plants are subjected to heavy metal stress (Gao et al.
2018); we previously reported that Se altered Cd distribution
in subcellular compartments in pak choi (Yu et al. 2019). Se
may also stimulate the activity of antioxidative enzymes and
alleviate Cd-induced oxidative stress to maintain the integrity
of cellular barriers against Cd (Yu et al. 2019). Further work is
still needed before we can fully understand the mechanism of
the Se-mediated regulation of Cd accumulation in plants.

In conclusion, two inorganic Se species, selenite and sele-
nate, conversely affected Cd accumulation and translocation
in pak choi—selenite exhibited a significant antagonistic ef-
fect against Cd 40 days after sowing with regard to Cd accu-
mulation and translocation—whereas selenate acted synergis-
tically to the metal. Moreover, the effect of Se was observed to
vary across growing stages in the present study. Neither Se
treatment significantly affected either the biomass or the Cd
content of shoots of pak choi seedlings as compared to Cd
alone, but the effects of these treatments were significant on
day 40. Such effects of Se on Cd accumulation resulted from
the difference in the assimilation of selenite and selenate,
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Fig. 5 The proportions of Se species contents in the shoots (a) and roots
(b) of pak choi (B. chinensis “Hangzhouyoudonger”) at different ages
(based on Se). Cd + SeIV 19, Cd + SeVI 19, Cd + SeIV 40, and Cd +
SeVI 40 refer to treatments where selenite and selenate were applied with
Cdwhen plants were 19 and 40 days old, respectively. SeCys2, SeMeCys,
Se (IV), SeMet, and Se (VI) represent selenocystine, Se-
methylselenocysteine, selenite, selenomethionine, and selenate,
respectively
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which could be inferred from Se speciation. SeMet accounted
for much larger proportions in selenite-treated pak choi,
whereas SeO4

2− was the dominant species in selenate-treated
pak choi. More importantly, a substantial increase in the
SeMet proportion was observed from day 19 to day 40, at
which time, a sharp decrease was noted in that of SeO4

2−.
Therefore, the relative content and proportions of SeMet and
SeO4

2− could be the key to determine whether Se functions as
an antagonist to Cd in pak choi.
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