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Abstract

Present studies show that nitrate accumulation is the major factor influencing the water uptake by vegetables, but
there is lack of knowledge on how the relationship between nitrate and water concentrations in different vegetable
tissues. We determined nitrate accumulation and water content in vegetables of rape, Chinese cabbage, and spinach
under different nitrogen levels (experiment I), 29 spinach cultivars (experiment 1), and 27 rape cultivars (experiment
III). The results from experiments I-I1I showed a highly linear relationship between nitrate accumulation and water
content, and the levels thereof in different organs of the vegetables revealed that the petiole exhibited the best
correlation between them compared with the root and leaf blade. These suggest that (1) vegetables with high water
content have high nitrate content, (2) water content in the petiole can be used to screen cultivars with low levels of
nitrate accumulation, and (3) increasing soil water content in agronomic practice is essential to decreasing nitrate
accumulation in vegetables.
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1. Introduction

Vegetables are an important component of the human
diet and considered to be a high source of nitrate
accumulation (Zhong et al., 2002), accounting for
72%-94% of the total nitrate intake of humans
(Walker 1990). Nitrate by itself is relatively non-
toxic; however, it may be endogenously transformed
to nitrite, which can react with amines and amides
to produce N-nitroso compounds (Santamaria 2006;
Yordanov et al., 2001). These compounds have been
related to an increased risk of diseases (Choi et al.,
2007; Santamaria 2006). Excessive nitrate can also

block iodide uptake of the sodium iodide symporter
in a competitive manner (Tonacchera et al., 2004).
For this reason, nitrate in vegetables has received
increasing attention. In recent decades, much research
has been conducted to minimize the accumulation of
nitrate in vegetables. However, nitrate accumulation
is a complex trait; plant nitrate content is affected by
many internal and external factors (Marquez-Quiroz
et al., 2014; Tamme et al., 2006; Wang and Li 1996).
Moreover, nitrate concentration varies markedly with
plant species/cultivars (Gil et al., 2012; Tamme et al.,
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2006; Thomson et al., 2007; Umar et al., 2007). Thus,
selection of genotypes that accumulate fewer nitrates
may contribute significantly to a reduction in nitrate
consumption by humans through vegetables.

Previous studies showed that nitrate accumulation in
vegetables is related to the water content in vegetable
tissues (Burns et al, 2012; Reinink et al., 1987).
Absorption of excessive nitrate levels by plants causes
their water potential to decline. To maintain the water
potential balance, plants should absorb more water
at the same time. Cardenas-Navarro et al., (1999)
suggested that nitrate accumulation is the major factor
influencing the water uptake by vegetables. Reinink
et al., (1987) showed that genotypes with low water
content could have high carbohydrate content in their
vacuoles and thus need small amounts of nitrate to
maintain their osmotic value. These findings led to
research interest on whether a causal or inherent
relationship exists between water content and nitrate
accumulation in vegetables. However, absolute
evidence to confirm this relationship remains elusive,
because most studies were carried out only once or with
one type of vegetable. Therefore, this study aimed to
evaluate the relationship between nitrate accumulation
and water content in vegetable tissues under different
levels of nitrogen application rates and with different
leafy vegetable varieties and different cultivars of the
same vegetable.

2. Materials and Methods
2.1. Experiment |

A pot experiment was conducted in No. 1 Crop
Experimental Station of Northwest A & F University
(hereinafter referred to as “A & F”), Yangling, Shaanxi
Province, China. Three leafy vegetables, namely, rape
(Brassica chinensis var. oleifera), Chinese cabbage
(Brassica rapa var. chinensis), and spinach (Spinacia
oleracea L.), were sown in plastic pots measuring
25 cm x 30 cm (diameter x depth) and filled with 5
kg of field soil, which was loessial soil taken from a
fallow field in A&F and passed through a 4-mm sieve

for use. The levels of soil organic matter, total nitrogen
(N), nitrate N (NO,-N), ammonium N (NH,"-N), Olsen
phosphorus (P), available potassium (K), and pH were
11.19 g kg', 091 g kg, 37.45 mg kg, 13.15 mg kg,
23.93 mg kg', 97.65 mg kg', and 7.78, respectively.
Five nitrogen treatments (0.0, 0.2, 0.4, 0.6, and 0.8 g
N kg soil) were applied, and each had four replicate
pots. Rape, Chinese cabbage, and spinach were planted
on 4 September 2001, and six plants were grown in each
pot. The pots were housed in a glasshouse, weeded, and
scarified weekly. Soil water content was controlled at
20% by weight method. Nitrogen fertilizer application
in the form of KNO, was split into two parts: half was
applied before sowing, and the other half was added 4
weeks later. In addition, 0.2 g P,O, kg™ soil was applied
as the basal fertilizer.

Fully expanded leaves from the same position were
sampled 9 weeks after planting, flushed, and washed with
flowing water to obtain the whole plants. They were then
divided into roots, petioles, leaves, and stems to determine
the nitrate concentration in different organs.

2.2. Experiment 11

A pot experiment using 29 spinach cultivars was also
conducted in the greenhouse in A&F from October 2000
to March 2001. The soil was loessial soil collected from
the top 20 cm layer from a field in A&F. The levels of
soil organic matter, total N, NO,-N, NH,'-N, Olsen P,
available K, and pH were 12.8 gkg', 1.0 gkg',41.5 mg
kg, 11.2 mg kg, 25.9 mg kg, 91.4 mg kg, and 7.69,
respectively.

Spinach cultivars were grown in a dark brown plastic
pot filled with 4.0 kg of air-dried field soil and with soil
moisture content of 20%+2%. Each spinach cultivar had
four replicate pots, and each pot contained 0.30 g N kg!
soil (low N rate) or 0.60 g N kg soil (high N rate) with
urea, 0.13 g PO, kg™ soil with calcium superphosphate,
and six plants of spinach cultivars.

Spinach samples were taken twice — between 8:30 and
9:30 AM on 12 March and 25 March 2001. The samples
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were placed in a marked plastic bag, which was then
sealed and stored in a refrigerated box. The shoots were
differentiated into various organs (leaf blade, petiole,
and stem). Each organ was weighed to obtain fresh
weight and then cut into small pieces, mixed, divided
into two parts, and sealed in marked plastic bags. One
part was used to determine the nitrate concentration and
kept in the refrigerator at 0—4 °C, whereas the other
part was used to determine the amount of water and dry
weight.

2.3. Experiment I1]

A field experiment was conducted in A & F from August
to October 2009. The soil used was loessial soil, and
the soil pH, total N, total C, available P (Olsen P), and
available K measured 8.57, 1.14 g kg, 12.8 gkg', 31.0
mg kg, and 137 mg kg, respectively. Twenty-seven
rape cultivars supplied by the oilseed rape breeding
laboratory of the College of Agronomy of A&F were
used in this experiment. Two treatments with nitrogen
at fertilizer rates of 60 kg N ha! (low N rate) and
240 kg N ha'! (high N rate) were applied, with each
treatment having three replicate plots and the area of
each plot being 88 m>. All plots were allocated to the
field randomly. N, P (120 kg P,O, ha™), and K (120 kg
K,O ha') fertilizers (urea, N: 46%; superphosphate,
P,0,: 12%; potassium sulfate, K,0: 50%) were applied
to all plots prior to sowing. Plant samples were taken as
described in Section Experiment II.

2.4. Determination of nitrate concentration in plants

Nitrate concentration was measured according to the
method described by Wang and Li (1996). Nitrate
was extracted with distilled water. Two grams of fresh
sample and 0.50 g of arenaceous quartz were ground
with a pestle and mortar and then completely transmitted
to a centrifuge tube with a definite quantity of distilled
water. After centrifugation, the supernatant was used for
nitrate concentration assay with flow injection analysis
after Cd-catalyzed reduction to NO, (FIASTAR 5000).
The nitrate concentration in shoots was calculated from
the concentrations in the leaf blade, petiole, and stem.
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2.5. Statistical analysis

Statistical analysis was performed using SAS 8.0 (SAS
Institute Inc., USA), and the graphs were illustrated by
SigmaPlot 12.5 (Systat Software Inc., USA).

3. Results
3.1. Nitrate—water relationship at the whole plant level

3.1.1. Nitrate and water in whole plants under different
nitrogen rates

In experiment I, the water and nitrate contents in
whole plants of rape, Chinese cabbage, and spinach
were measured under different nitrogen supply rates.
They were found to change in a similar way among the
three leafy vegetables (Figure 1): at a lower nitrogen
rate (0-0.4 g N kg'! soil for rape; 0-0.2 g N kg
soil for Chinese cabbage and spinach), the contents
increased when the nitrogen supply rate increased
but decreased when the rate continuously increased.
Correlation analysis showed that the nitrate and water
concentrations were positively correlated (p<0.05) in
rape, Chinese cabbage, and spinach. This indicated
that nitrate accumulation in the three leafy vegetables
increased dramatically as water content increased.

3.1.2. Nitrate and water contents in whole plants of 29
spinach cultivars

In experiment II, the water and nitrate contents in
whole plants of 29 spinach cultivars were detected
under low and high nitrogen rates (Figure 2). The
nitrate and water contents were higher at low nitrogen
rate (from 6.7 to 15.0 g N kg dry weight (DW) for
nitrate and from 5.6 to 10.9 g g! DW for water) than
those at high nitrogen rate (from 1.8 to 7.2 g N/kg DW
for nitrate and from 6.2 to 8.8 g g'! DW for water).
However, the nitrate and water contents were still
found to be positively linearly correlated (p<0.01) over
the 29 spinach cultivars at both low and high nitrogen
application rates.
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Figure 1. Nitrate and water contents in whole plants under different nitrogen rates in experiment I: (a) rape; (b)

Chinese cabbage; (c) spinach
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Figure 2. Relationship between nitrate and water contents in whole plants of 29 spinach cultivars in experiment II:
(a) low N rate (0.30 g kg™! soil); (b) high N rate (0.60 g kg™ soil)

3.2. Nitrate and water contents in different organs of
vegetables

In experiments [-III, the nitrate and water contents
in different organs (leaf blade, stem, and petiole)
of the three leafy vegetables were also detected.
In experiment I, the nitrate content in the petiole
(from 0.5 to 64.4 g N kg' DW) of the three leafy
vegetables was markedly higher than that in the leaf
blade (from 0.1 to 10.6 g N kg! DW), whereas the
nitrate content in the root (from 0.2 to 6.3 g N kg
DW) was the lowest among the organs (Figure 3).
For water content, a similar trend was observed as
follows: 5.5 to 25.1 g g' DW in the petiole, 3.5 to
14.1 g g' DW in the root, and 6.1 to 12.2 g g' DW in
the blade. In addition, the nitrate and water contents

were significantly and positively correlated (p<0.01)
in the petiole of all three leafy vegetables (rape,
Chinese cabbage and spinach); however, no such
linear relationship was found in other organs except
in the root of rape.

Similar to experiment I, the nitrate and water contents
were still higher in the petiole than in the other
organs of the 29 spinach cultivars under low and high
nitrogen rates in experiment II (Figure 4). In addition,
the positively linear correlation between nitrate and
water contents in the petiole was significant (p<0.01)
over the 29 spinach cultivars under both nitrogen
rates (Figure 4). However, the relationship in the leaf
blade or root was only observed on occasion.
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Figure 3. Relationship between nitrate and water contents in different organs of rape (a, d, g), Chinese cabbage (b,
e, h), and spinach (c, f, 1) in experiment I: (a—c) root; (d—f) petiole; (g—i) leaf blade
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Figure 4. Relationship between nitrate and water contents in different organs of 29 spinach cultivars in experiment
II: (a) low N rate (0.30 g kg™! soil); (b) high N rate (0.60 g kg™ soil)
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Figure 5. Relationship between nitrate and water contents in different organs of 27 rape cultivars in experiment I11:
(a, ¢) low N rate (60 kg N ha); (b, d) high N rate (240 kg N ha™)

In experiment III, the nitrate and water contents were
only measured in the petiole and leaf blade of 27
rape cultivars, and a significant linear relationship
between them was only found in the petiole of the 27
rape cultivars (Figure 5).

4. Discussion

The results from experiments I-1II showed a highly
linear relationship between the nitrate and water
contents of the whole plants. These were positively
linearly correlated (p<0.01) over 29 spinach cultivars
under both low and high nitrogen rates (Figure 2).
Our findings are in agreement with those of Burns et
al., (2012) and Cardenas-Navarro et al., (1999), who
indicated that the nitrate concentration and water
content in the shoot were positively associated in
different vegetable cultivars. Meanwhile, the change
pattern of nitrate and water contents was concurrent
among rape, Chinese cabbage, and spinach when

the nitrogen supply rate increased (Figure 1).
Further statistical analysis also showed that the
relationship between nitrate and water contents in
the whole plant was positively linearly correlated.
This implied that the nitrate concentration was
related either directly or indirectly to the volume
of water in their plant tissues. Burns et al., (2011)
demonstrated that the cultivars with higher levels of
nitrate accumulation had greater volumes of tissue
water, which would have increased the dilution of
nitrate and helped adjust for differences in their
combined concentration in the shoot, and that the
volume of shoot sap was greater in cultivars with
higher nitrate levels to help offset the effects of their
large nitrate concentration. These results indicate
that genotypic variation in nitrate accumulation is
associated with differences in water content, which
means that, at least for rape, Chinese cabbage, and
spinach, water content could be used as a screening
indicator for selecting varieties that have low levels
of nitrate accumulation.
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Further analysis of the relationship between nitrate
and water contents in different organs of vegetables
revealed that the petiole exhibited the best correlation
of nitrate accumulation to water content compared with
the root and leaf blade (Figures. 3-5). A positive linear
relationship between nitrate and water contents in the
petiole in all three experiments was observed, whereas
a positive linear relationship between nitrate and water
contents in the root and leaf blade only occurred on
occasion (Figures. 3—5). These findings differ from the
results reported by Cardenas-Navarro et al., (1999), who
found that a significant linear relationship between nitrate
and water contents occurred in the stem, petiole, and
leaf blade of their 19-day-old tomato samples, although
they also observed the best correlation in the petiole. In
addition, the nitrate and water contents in the petiole of
the three leafy vegetables were markedly higher than
those in the root and leaf blade (Figures. 3-5). Huang
et al., (2010) also found that nitrate accumulated in the
petiole was significantly higher than that in the leaf
blade, as well as that the petiole was obviously the main
organ for nitrate accumulation. Ahmadi et al., (2010)
reported that different cultivars exhibited a significant
difference in petiole length (»<0.01) and that the highest
amounts of nitrate accumulation occurred in the petiole,
indicating that cultivars with a shorter petiole length
could be more important and should be recommended.
These results imply that the petiole is the most sensitive
organ for nitrate accumulation, suggesting that the water
content in the petiole of a vegetable can be used as an
additional indicator for screening cultivars with low
levels of nitrate accumulation.

5. Conclusions

Different vegetables and levels of N fertilization
showed a highly linear relationship between nitrate
accumulation and water content, and the levels thereof
in different organs of the vegetables revealed that the
petiole exhibited the best correlation between them
compared with the root and leaf blade. In addition,
nitrate accumulation decreased with increasing
soil water content. So, the results suggest that (1)
vegetables with high water content have high nitrate
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content, (2) water content in the petiole can be used to
screen cultivars with low level of nitrate accumulation.
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