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Abstract: Cadmium (Cd) contamination in soil is an increasingly serious problem. Management of plant nutrients has
been proposed as a potentially promising strategy for minimizing Cd accumulation in crops grown in contaminated soil.
This study investigated the effects of split applications of nitrogen (N) fertilizers on the Cd concentration in Chinese
cabbage (Brassica chinensis L.) plants grown in Cd-contaminated soil. Compared with single applications, split ap-
plications of ammonium or urea resulted in significantly lower Cd concentrations, and higher biomass production and
antioxidant-associated nutritional quality in the edible plant parts. However, when nitrate was used as the N fertilizer,
there were no significant differences between the split and single applications for the same parameters. We conclude
that a split application could be more beneficial than a single application method when ammonium or urea is used as

the N fertilizer for vegetable cultivation in Cd-contaminated soil.
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1 Introduction

Contamination of soil by heavy metals is an in-
creasingly serious problem due to various anthropo-
genic activities, such as the application of sewage
sludge, mining and smelting of metalliferous ores,
and overuse of agrochemicals (Kirkham, 2006; Wei
and Yang, 2010). Cadmium (Cd) is one of the most
toxic heavy metals. In the human body, it adversely
affects kidneys and bones (Clemens et al., 2013). The
primary route of Cd entry into the body is through the
consumption of crops grown in Cd-contaminated soil
(Clemens et al., 2013). A recent survey indicated that
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vegetables account for about 40% of the total Cd
exposure of residents of Shanghai, China’s largest
city (He et al., 2013). Therefore, measures should be
developed to minimize the amount of Cd entering
vegetables through contaminated soil. It has been
proposed that the management of plant nutrients is
potentially a promising strategy for minimizing Cd
accumulation in crops grown in contaminated soil
(Sarwar et al., 2010). Growers have already applied
nutrients, particularly macronutrients, to obtain a
higher crop yield. Many nutrients have direct and
indirect effects on Cd bioavailability in soil and Cd
uptake through the roots of plants. For instance,
phosphate favors precipitation to decrease Cd avail-
ability in soil (Dheri et al., 2007; Dong et al., 2007)
and divalent cations, such as Fe*" and Zn*", compete
with Cd*" for the same membrane transporters
thereby reducing Cd entry into plants (Lux et al.,
2011). Accordingly, if growers keep in mind the in-
teractions between nutrients and Cd, with the proper
management of nutrients, they could have a cost-
effective and time-saving strategy for reducing Cd
accumulation in crops.
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Management of nitrogen (N) is one of the most
frequent agronomic practices. Nitrogen is taken up by
plants mainly in the form of ammonium (NH;") and
nitrate (NO3 ). Physiologically, NO; uptake by roots
is accompanied by a simultaneous uptake of protons
(H"), resulting in an increase in rhizosphere pH
(Crawford and Glass, 1998). Conversely, when NH,"
is taken up, the H' is released into the rhizosphere,
resulting in acidification of the rhizosphere soil
(Hinsinger et al., 2003). The nitrification of NH," by
microorganisms also produces H', further increasing
the soil acidification caused by the release of H' by
roots during ammonium uptake (Herman et al., 2000).
The soil pH strongly affects Cd availability, which is
increased when the pH drops (Kirkham, 2006). Ac-
cordingly, it has often been suggested that NH," fer-
tilizers could result in higher Cd availability in rhi-
zosphere soil than NO; fertilizers (Sarwar et al.,
2010). This suggestion has been supported by many
studies (Florijn et al., 1992; Tsadilas et al., 2005;
Zaccheo et al., 2006), in which N fertilizers were
applied to the soil as a single fertilizer treatment.
Nevertheless, in practical crop cultivation, a split
application of N fertilizers at different growth stages
is often recommended by agronomists, since this
method of fertilization favors plant growth (Lopez-
Bellido et al., 2005). A change in plant growth may
affect Cd uptake by roots, thereby altering the Cd
accumulation in plant tissues. In addition, NH;" has a
high rate of nitrification in soil (Zerulla et al., 2001).
Accordingly, in comparison with a single application,
split fertilization theoretically decreases the rate of
NH," nitrification in the soil, thereby increasing N
uptake by the roots in the form of NH,". Since more
protons are released from NH, " nitrification than from
NH," uptake by the root cells, a split application of
NH, " might be expected to alleviate the acidification-
increased Cd solubility, compared with a single appli-
cation. Considering the approach described above, the
method of N fertilization may dramatically affect Cd
accumulation in vegetables and other crops. However,
little information is available to support this speculation.
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Currently, three forms of N fertilizers, ammo-
nium, nitrate, and amide, are most commonly used in
practical crop production. Nitrate is generally the
preferred form for most vegetable plants (Chen et al.,
2005). However, which forms of N fertilizer are used
in practical vegetable cultivation in a region depends
largely on the traditional practice of the local growers
and the fertilizer provided by local fertilizer dealers.
Therefore, it is necessary to investigate the effects of
the method of fertilization application (single or split
applications) on Cd accumulation in the edible parts
of vegetables when using different forms of the N
nutrient. In this study, the Chinese cabbage (Brassica
chinensis L.), one of the most popular vegetables in
China, was used to address this issue. The quality of
the nutritional characteristics of vegetables, such as
the levels of soluble sugar, soluble protein, and anti-
oxidants, is also very important for human health.
Previous studies have found that Cd contamination in
the growth medium clearly affects the nutritional
quality of vegetables (Prince et al., 2002). Therefore,
we also investigated the effects of the N fertilization
method on the nutritional quality of Chinese cabbage
grown in Cd-contaminated soil.

2 Materials and methods
2.1 Soil and plants

The soil used for the pot experiment was col-
lected from Jianggan District, Hangzhou, China
(30°16'N, 120°12" E). The basic properties of the soil,
determined by standard procedures (Bao, 2008), are
summarized in Table 1. After the air-dried soil had
been ground to pass through a 2-mm sieve, chemical
fertilizers were mixed into the soil: K,SO, at
160 mg K/kg soil and KH,PO, at 150 mg P/kg soil.
Then, half of the soil was mixed with CdCl, at
10 mg Cd/kg soil. Plant pots, 2.5 L in volume, were
then each filled with 3 kg of soil. The Chinese cab-
bage vegetable plant B. chinensis L. cv. Changfeng
was used in this study.

Table 1 Relevant agrochemical properties of the tested soil

Sample H CEC EC Clay Silt Sand  OrganicC NH,-N NO; -N Total Cd
P P (cmol/kg) (mS/em) (%) (%) (%) (gkg)  (mgkg) (mgke) (mgkg)
Pot-culture soil 7.2 7.9 0.7 6.2 28.8  65.0 11.5 2.5 134 0.2

CEC: cation-exchange capacity; EC: electrical conductivity. 1 cmol/kg=0.01 mol/kg
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2.2 Plant cultivation and nitrogen treatments

The pot experiment was conducted in a green-
house. The soil in the pots was watered to 60% field
water holding capacity (FWHC; 22% water content,
w/w). Chinese cabbage seeds were sown at a depth of
1 cm, with ten seeds per pot. The pots were divided
into two groups, with one group given a single N
application, and the other a split N application. For
the single N application, at the sowing stage, the soil
was fertilized with either (NH4),SO4, Ca(NOs),, or
CO(NH), (urea) at 400 mg N/kg soil. For the split N
application, one of the above three N fertilizers was
applied to the soil at rates of 120, 120, and 160 mg N/kg
soil at the sowing, seedling, and vegetative growth
stages, respectively. When the second true leaves
were observed, the seedlings in each pot were thinned
to three plants of similar size. During the experi-
mental period, water was added to compensate for
evaporation and transpiration, and soil moisture con-
tent was maintained at about 60% of FWHC. The
edible parts of the 8-week-old plants were harvested
for further analysis.

2.3 Measurements of the concentrations of soluble
sugar, soluble protein, ascorbate, total phenolics,
and total flavonoids, and DPPH free radical-
scavenging activity

The concentrations of soluble sugar, soluble
protein, ascorbate, total phenolics, and total flavo-
noids, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) free
radical-scavenging activity were analyzed as de-
scribed in our previous study (Jin et al., 2013).

2.4 Analysis of cadmium content

Plant tissues were dried at 80 °C for 48 h, and
then the dried samples were wet-digested, as previ-
ously described (Luo et al, 2012). The digestates
were diluted with ultrapure water, and the concentra-
tions of Cd in the digestates were analyzed using an
absorption spectrometer (Thermo Scientific AAS,
iCE 3300), following a standard procedure. The same
procedure without samples was used as a control and
three replications were conducted for each sample.
Quality assurance and quality control of the analysis
included the recovery of spiked Cd (better than 95%)
from an independent standard source, the analysis of
blank and standard references, and the use of dupli-
cates for every set of ten samples.

2.5 Statistics

All statistical analyses were conducted with IBM
SPSS Version 20 (IBM Corp., Armonk, NY, USA).
Means were compared using Duncan’s multiple range
test with a significance level of P<0.05 in all cases.

3 Results

3.1 Effects of the N fertilization methods on the
yield of the edible parts

The effect of the fertilization method on the
biomass production of Chinese cabbage was highly
dependent on the form of N fertilizer in both the
control (no Cd added) and the Cd-added soils (Fig. 1).
When ammonium ((NH4),SO4) or amide (urea) was
used as the N source, the biomass of the edible parts
of the plants from the split dressing treatment was
increased by 46% and 30% in the control soil, re-
spectively, and by 47% and 24% in the Cd-added soil,
respectively, compared with that of the plants from
the single dressing treatment. However, when nitrate
(Ca(NOs),) was used as the N source, there was no
statistically significant difference in the biomass of
the edible parts between the single and split dressings
in either the control or Cd-added soils. The above
results indicate that the impact of the N fertilization
method on the biomass production of Chinese cab-
bage was independent of Cd contamination in the soil.
Note that, within the same fertilization method, the
edible-part biomass of the plants fed with nitrate was
greater than that of the plants fed with ammonium or
amide in either the control or the Cd-added soil.

3.2 Effects of the N fertilization methods on the
Cd levels in edible parts

No Cd was detected in the edible parts of the
Chinese cabbage grown in the control soil following
any treatment (data not shown). In the Cd-added soil,
the N fertilization method clearly affected the Cd
concentration in the edible parts, but the effect was
dependent on the form of the N fertilizer. The Cd
concentrations in the edible parts following split
dressing treatments of ammonium and amide were
about 40% and 60% lower, respectively, than those
following single dressing treatments of these two
fertilizers (Fig. 2). However, when nitrate was used as
the N source, the Cd concentration in the edible parts
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Fig. 1 Effects of the N fertilization methods on the yield of edible parts
The plants were cultured in pots. For single N applications, the soil was fertilized with (NH4),SO, (ammonium), Ca(NOs),
(nitrate), or CO(NH,), (urea) at 400 mg N/kg soil at the sowing stage. For split N applications, each of the above three N
fertilizers was applied to the soil at rates of 120, 120, and 160 mg N/kg soil at the sowing, seedling, and vegetative growth
stages, respectively. The edible parts of 8-week-old plants were harvested for analysis. Data are expressed as mean+tstandard
deviation (SD) (n=6). Different letters represent significantly different values (Duncan’s test, P<0.05)

following the split dressing treatment was similar to
that following the single dressing treatment. The N
form also significantly affected the Cd concentration
in the edible parts when the fertilizers were applied
using the same method (Fig. 2). With single applica-
tions, the Cd concentration was much lower in the
nitrate treatment than in the ammonium or amide
treatment. With split applications, the Cd concentra-
tions in the nitrate and amide treatments were similar,
but were clearly lower than those in the ammonium
treatment.

3.3 Effects of the N fertilization methods on the
nutritional quality of the edible parts

The fertilization method had little effect on the
level of soluble sugar in the edible parts of Chinese
cabbage grown in the control soil for all three N forms
of fertilizer. In the Cd-added soil, the soluble sugar
levels with the split dressing method were higher in
the ammonium treatments but lower in the nitrate and
amide treatments, compared with the levels in the
single dressing method (Fig. 3a). We also determined
the level of soluble protein in the edible plant parts. In
the control soil, it was higher following the split
dressing than following the single dressing regardless
of the N form, but the difference was not statistically
significant in the plants fed with nitrate. However,
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Fig. 2 Effects of the N application methods on Cd levels in
the edible parts in the Cd-added soil

Treatments are the same as in Fig. 1. The data are expressed as
meantSD (n=5). Different letters represent significantly
different values (Duncan’s test, P<0.05)

in the Cd-added soil, the split dressing method re-
sulted in a slightly lower level of soluble protein in
the plants fed with ammonium or urea, but a signifi-
cantly higher level (by about 35%) in the plants
fed with nitrate, compared with the single dressing
(Fig. 3b).

To evaluate the antioxidant capacity in the edible
parts of the Chinese cabbage, we first measured the
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Fig. 3 Effects of the N application methods on soluble sugar and soluble protein levels in the edible plant parts
(a) The levels of soluble sugar in the edible plant parts. (b) The levels of soluble protein in the edible plant parts. Data are ex-
pressed as meantstandard deviation (SD) (n=6). Different letters represent significantly different values (Duncan’s test, P<0.05)

levels of antioxidation-associated compounds. In both
the control and Cd-added soils, the application
method barely affected the ascorbate level in the ed-
ible plant parts for all three forms of N treatment
(Table 2). The application method also had little ef-
fect on the levels of total phenolics and flavonoids in
the edible parts of the plants grown in the control soil.
However, in the Cd-added soil, the total phenolic
level in the edible plant parts following the split
dressing was significantly higher for all three forms of
N treatment, compared with the single dressing. In
addition, the split dressing also had a significantly
higher level of flavonoids than the single dressing
with the nitrate treatment. We then analyzed the total
antioxidant capacity. The results show that, in the
control soil, the application method had little effect on
the DPPH radical-scavenging activity of the edible
plant parts for all three forms of N treatment. In the
Cd-added soil, the DPPH radical-scavenging activity

of the edible plant parts with the ammonium and urea
treatments was significantly higher following a split
dressing compared with a single dressing, whereas
with the nitrate treatment, this activity was not af-
fected (Fig. 4).

4 Discussion

Usually, a split application of N fertilizer gives a
greater yield in crop cultivation than a single appli-
cation, since the split fertilization favors a greater
increase in N use efficiency (de Ruijter et al., 2010).
However, in China, growers often use single fertilizer
applications in the cultivation of short life-cycle crops
like Chinese cabbage. In this study, we found that
split applications of ammonium and urea clearly re-
sulted in a higher yield and a lower Cd concentration
in the edible parts of Chinese cabbage, compared with
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Table 2 Effects of the N fertilization methods on levels of total phenolics, ascorbate, and flavonoids in the edible plant
parts

Treatment Total phenolics Ascorbate Flavonoids

(mg GAE/g DW) (umol/g DW) (umol DAE/g DW)

N form Application Control +Cd Control +Cd Control +Cd
Ammonium Single 18.42+0.98" 17.85+0.78" 14.92+530° 14.4242.54° 3.1440.27°  2.75+0.05°
Split 17.10£0.63  20.07£0.29°  12.95+1.82° 14.80+1.86" 2.89+0.12*  3.12+0.53"™
Nitrate Single 16.17+0.85° 17.50+0.09¢ 14.28+1.18"  11.06£2.43* 2.77+0.18*  2.65+0.17°
Split 16.86+0.80™ 18.68+0.15° 14.55+4.17*  11.91+1.48" 2.844+0.22* 3.20+0.38"
Urea Single 17.47+0.88% 18.76+0.68" 12.89+2.10%  12.2242.66" 3.11+0.45"  3.13+0.10%
Split 16.15+1.48° 20.63+1.26° 15.65+2.89°  11.42£2.61* 2.91+£0.51*  2.98+0.47%

The plants were cultured in pots. For single N applications, the soil was fertilized with (NH4),SO4 (ammonium), Ca(NOs), (nitrate), or
CO(NH,), (urea) at 400 mg N/kg soil at the sowing stage. For split N applications, each of the above three N fertilizers was applied to the soil
at rates of 120, 120, and 160 mg N/kg soil at sowing, seedling, and vegetative growth stages, respectively. The edible parts of 8-week-old
plants were harvested for analysis. The data are expressed as mean+SD (n=4). Different letters represent significantly different values in the

same column (Duncan’s test, P<0.05). GAE: gallic acid equivalent; DAE: 3,4-dihydroxybenzoic acid equivalent; DW: dry weight

80 [ Single fertilization b b
< B Spjit fertilization abe ab  abc a
< abc abc
> abc bo bed
g bc —E cd
T 60 : d
©
: +
£
D
o
3z 40
o
9
®
Q
e}
S 20}
T
o
o
0 | | | | |
Ammonium Nitrate Urea Ammonium Nitrate Urea
Control +Cd

Fig. 4 Effects of the N fertilization methods on DPPH radical-scavenging activity in the edible plant parts
Data are expressed as meantstandard deviation (SD) (n=6). Different letters represent significantly different values (Duncan’s

test, P<0.05)

single applications of these fertilizers (Figs. 1 and 2).
Note that, although the application method for the
nitrate treatment did not affect the Cd level or bio-
mass of edible parts (Figs. 1 and 2), the split fertili-
zation did have the potential for higher nitrogen use
efficiency and could reduce the emission of green-
house gases such as nitrous oxide (Lopez-Bellido
et al., 2005; Gillam et al., 2008). Therefore, in Cd-
contaminated soil, we recommend split fertilization
for vegetable cultivation, regardless of the type of N
fertilizer. The Cd uptake by the roots of plants can be
affected by a number of factors, including soil pH,
chelation, plant nutrients, root exudates, plant species,
and microorganisms (Sarwar et al., 2010; Clemens
et al.,2013). There are two main ways by which these
factors affect the Cd uptake in plants: (1) by altering
the bioavailability of Cd in the growth media; (2) by

modulating the root uptake capacity for Cd. Soil
acidification resulting from ammonium nitrification
is more pronounced than that caused by ammonium
uptake by root cells (Tudoreanu and Phillips, 2004),
and thus ammonium nitrification should increase the
Cd solubility in the soil more than ammonium uptake.
The behavior of urea in soil is similar to that of am-
monium as urea can be decomposed into ammonium
by urease. However, in our study, we found that the
fertilization method had little effect on the pH of the
soil (Fig. S1). This may be because the soil used in the
present study had a higher buffering capacity against
acidification (Fig. S2). Therefore, soil acidification
resulting from ammonium nitrification cannot explain
why the split applications of ammonium or urea had
lower Cd levels in the edible parts of the Chinese
cabbage plants compared with the single applications
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of these fertilizers. Our previous study showed that
the presence of nitrate in the growth medium facili-
tates the uptake of Cd by root cells (Luo et al., 2012;
Mao et al., 2014). In this context, the decreased ni-
trate generation from ammonium and urea due to the
decreased nitrification from split fertilization may
prevent the effect of nitrate in promoting the uptake of
Cd by plant roots. This may explain why split appli-
cations of ammonium and urea resulted in lower Cd
levels in the edible parts of the Chinese cabbage,
compared with single applications of these fertilizers.
In addition, because the split applications of ammo-
nium and urea resulted in a higher biomass than the
single applications (Fig. 1), the dilution effect may be
another key reason for the lower Cd level in the edible
parts with the split fertilization method. In recent
decades, controlled-release fertilizers (CRFs) have
been rapidly developed (Shaviv, 2001). CRFs enable
nutrients to be released over an extended period of
time, regulating the nutrient release time through the
excipients, and therefore are more efficient than
conventional fertilizers (Sempeho et al., 2014). The-
oretically, application of ammonium- or urea-based
CRFs could further decrease the rate of ammonium
nitrification in soil. Therefore, CRFs may be a prom-
ising fertilizer for use in Cd-contaminated soil. Note
that, in single applications, the Cd concentration in the
edible plant parts was much lower with the nitrate

treatment than with the ammonium or amide treatment.

One explanation may be the dilution effect, because
the nitrate fertilizer produced a higher biomass than
the other two fertilizers (Fig. 1). In addition, the ni-

trate fertilizer used in the present study was Ca(NOs),.

The Ca*" and Cd*" would compete for the same Ca*"
channels during their uptake by roots cells (Perfus-
Barbeoch et al., 2002). Therefore, the antagonism of
Ca to Cd may be another reason for the lower Cd level
in the edible plant parts following nitrate treatment.
Our results showed that the nutritional quality of
Chinese cabbage grown in Cd-added soil was affected
by different fertilization methods. Soluble sugar lev-
els are used to evaluate the taste characteristics of
vegetables and soluble protein accumulation as an
indicator of value for human nutrition (Hurrell, 2003;
Jin et al., 2009). The split applications produced a
higher level of soluble sugar in the ammonium
treatment, and a higher level of soluble protein in the
nitrate treatment, compared with the single applica-

tions. The level of antioxidants is another important
factor for evaluating vegetable nutritional quality
(Shyamala et al., 2005). A higher intake of vegetables
containing antioxidants including phenolics, flavo-
noids, and ascorbic acid may contribute to protecting
against oxidative damage, thus lowering cancer, car-
diovascular disease, and other chronic disease risks.
For instance, it is reported that human serum and
low-density lipoprotein oxidation can be inhibited by
phenolic compounds while ascorbic acid can protect
against DNA damage in human sperm and improve
the efficacy of antineoplastic drugs such as paclitaxel
(Fraga et al., 1991; Frankel et al., 1995; Abu-Amsha
et al., 1996; Kurbacher et al., 1996). In addition,
flavonoids can increase plasma antioxidant capacity
in humans and protect human retinal pigment epithe-
lial cells from oxidative-stress-induced death (Han-
neken et al., 2006; Lotito and Frei, 2006). Here, we
found that, following any of the three forms of N
treatments, the split application resulted in higher
levels of phenolics in the edible parts of the plants
grown in Cd-added soil, but had little effect on the
level of ascorbic acid, compared with the single ap-
plication. Only the split application of nitrate to Cd-
added soil resulted in higher levels of flavonoids in
edible plant parts. The above results indicate that the
fertilization method differentially affected the pro-
duction of antioxidants in edible plant parts. There-
fore, we further investigated the effect of the fertili-
zation method on the total antioxidant capacity in the
edible parts of Chinese cabbage. The DPPH antioxi-
dant assay is used widely to estimate total antioxidant
capacity in vegetable extracts (Sanchez-Moreno,
2002). We showed that, in the Cd-added soil, the
DPPH radical-scavenging activity in the edible plant
parts following the split application was higher than
that following the single application for the ammo-
nium or urea treatments. However, there was no sta-
tistical difference between the two application methods
when nitrate was used as the sole N source. Interest-
ingly, the effects of the application methods on ele-
vating DPPH radical-scavenging activity correlated
well with their effects in either decreasing Cd levels
or increasing the biomass of edible parts, indicating
that an appropriate fertilization method not only re-
duces the human health risk of Cd exposure from
crops grown in Cd-contaminated soil, but also im-
proves the nutritional quality and yield of the crops.
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5 Conclusions

In summary, this study provided evidence that in
Cd-added soil, the split application of ammonium or
amide resulted in a significantly lower Cd concentra-
tion, higher biomass, and improved nutritional quality
in the edible parts of Chinese cabbage compared with
a single application. Therefore, in Cd-contaminated
soil, we recommend a split application method for
vegetable cultivation to increase food safety when
ammonium or urea is used as the N fertilizer.
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