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Introduction
This article is based on our previous 
paper.1 Heavy metals do not biodegrade 
in the environment and readily bioac-
cumulate to toxic levels.2 Anthropogenic 
activities are the main sources of heavy 
metal contamination in plants,3 espe-
cially in countries where domestic and 
industrial waste is widely applied to the 
land for irrigation purposes.

The impact on our diet of contami-
nated crops such as carrots, onions and 
potatoes is of great importance4,5 as it 
has been proved that serious systemic 
health problems can develop as a result 
of excessive accumulation of dietary 
heavy metals in the human body.6

Our team in the Laboratory of Food 
Chemistry and Analytical Chemistry 
(Deptartment of Chemistry, University 
of Athens) has analysed the levels of 
heavy metals in carrots, onions and 
 potatoes cultivated in the Asopos region 
in central Greece; this is the second 
largest industrial area in Greece and an 
area where the water bed is polluted by 
heavy metals.7 The results showed that 
the levels of nickel (Ni) and chromium 
(Cr) in Asopos food were up to nine 
times higher than the respective levels of 
the plants grown in non-polluted areas. 
The impact of these trace elements 
on the concentrations of secondary 
metabolites and antioxidant activity in 
the above-mentioned tuber plants has 
also been studied by our team and 
the results showed that, in carrots, the 
levels of b-carotene and in potatoes, the 
levels of lutein, both from the Asopos 

area, were statistically significantly lower 
compared to the control ones.8 

In a further study,1 we also investi-
gated the uptake of Ni and Cr added in 
known levels to the irrigation water, by 
potatoes, carrots and onions. The plants 
were cultivated in a soil which had never 
 previously been polluted with Cr and 
Ni from external sources. The levels of 
Cr(VI) and Ni(II) used in irrigation water 
were similar to those that can actually be 
found in the two polluted areas (Asopos 
river and Messapia, due to polluted 
underground waters).

Plant cultivation in a 
greenhouse
An installation consisting of six irrigation 
lines (i.e. six plastic tanks, six pumps and 
six series of three tubs per series) was 
constructed in a greenhouse, see Figure 
1. One species of tubers per tub was 
cultivated (i.e. either carrots or potatoes 
or onions).

The tubers were irrigated with water 
solutions containing different levels 
of Cr(VI) and Ni(II), prepared by solid 
K2Cr2O7 and NiCl2*6H2O, respectively. 
The six lines, of three tubs per line, were 
watered as follows: 0 (control), 10 µg L–1, 
20 µg L–1, 50 µg L–1, 100 µg L–1 and 
250 µg L–1 in tap water solutions of both 
Cr(VI) and Ni(II). All the plants were regu-
larly fertilised. At harvest, carrots, potatoes 
and green onions were taken from the 
tubs, separated from non-edible parts, 
peeled, macerated, freeze dried and 
pulverised by mortar and pestle. Samples 
of pulverised plants were then diluted in 

suprapure HNO3 and microwave digested, 
diluted by distilled water and analysed in 
triplicates by inductively-coupled plasma 
mass spectrometry (ICP-MS) for their 
Cr and Ni content. Blank samples and 
samples containing Standard Reference 
Material NIST 1573A (tomato leaves) 
were also digested and analysed. Similar 
preparations were made for samples 
of tub soil collected at 0–10 cm and 
10–20 cm depths and each was analysed 
in triplicate by ICP-MS for levels of Cr and 
Ni. Blank samples and samples containing 
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Figure 2. Cr and Ni concentrations in carrots, onion shoots, onion leaves and potatoes, depending 

on the Cr(VI) and Ni(II) concentration in irrigation water. Spearman's (coefficient of rank 
correlation) rho and p values indicate potential correlation. The permission of Elsevier to 
reproduce this figure is acknowledged. 
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Figure 1. Photograph depicting the three 
parallel greenhouse series for cultivation 
of green onions, carrots and potatoes. The 
permission of Elsevier to reproduce this 
figure is acknowledged.
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Certified Reference Material BCR–143R 
(sewage sludge amended soil) were also 
digested and analysed. 

Instrumentation
The instrument used for elemental 
determination was an X-series ICP-MS 
(Thermo Electron Elemental Analysis, 
Winsford, UK) and the digestions of 
plants and soils were performed in a 
microwave oven digester MWS-2 Speed 
Wave microwave system.9 

Results 
Correlation between the levels 
of Cr(VI) and Ni(II) in irrigation 
water and the levels of total Cr 
and Ni in plants
The levels of Cr and Ni in the tubers, 
depending on the concentration of the 

metals in the irrigation water, are displayed 
in Figures 2(a), 2(b), 2(c) and 2(d). 

The statistical analysis showed a nega-
tive correlation between the level of Cr 
in carrots and the level of metals in the 
irrigation water. Also, the levels of Ni in 
potatoes negatively correlated to the 
concentration of metals in the irrigation 
water, indicating that Cr in carrots and 
Ni in potatoes, under specific conditions, 
may pass through the tubers to other 
parts of the plant (maybe the roots or 
upper parts).

Comparison between “control” 
and “250 μg L–1” plant groups
The levels of Cr in carrots irrigated with 
250 µg L–1 Cr and Ni were significantly 
lower than the levels in carrots irrigated 
with control water. In contrast, the levels 

of Cr in onion leaves were significantly 
higher in tubs irrigated with 250 µg L–1 Cr 
and Ni compared to the onion leaves in 
tubs irrigated with control water. Also, the 
levels of Ni in onion shoots and leaves 
were higher in tubs irrigated with Cr and 
Ni concentrations of 250 µg L–1 compared 
to the levels in onion shoots and leaves 
in tubs irrigated with control water. The 
difference in onion shoots was statistically 
significant and in onion leaves was statisti-
cally marginally significant. The levels of Ni 
in potatoes were significantly lower in tubs 
irrigated with 250 µg L–1 compared to the 
respective levels of potatoes irrigated with 
control water.

“Two-by-two” comparisons 
The statistical analysis of the results of 
comparisons between groups of plants 
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Figure 2. Cr and Ni concentrations in carrots, onion shoots, onion leaves and potatoes, depending on the Cr(VI) and Ni(II) concentration in irrigation 
water. Spearman’s (coefficient of rank correlation) rho and p values indicate potential correlation. The permission of Elsevier to reproduce this figure is 
acknowledged.
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irrigated with Cr and Ni (10 µg L–1 to 
100 µg L–1) and the group of plants irri-
gated with clean (control) water also 
led to the conclusion that Ni and Cr can 
pass directly through irrigation water to 
onions (shoots and leaves) and there 
was strong evidence that Ni can also 
pass to potato tubers, depending on the 
irrigation concentration of the two heavy 
metals.

Bivariate (total Cr and Ni) 
correlations within each 
plant
The results showed that there may be 
synergies (i.e. the two heavy metals are 
absorbed proportionally, possibly through 
a common absorption system) between 
Cr and Ni, in specific metal concentra-
tions, for carrots, onions and potatoes. 
No evidence of active resistance was 
found between Cr and Ni in any plants 
irrigated with any concentrations of the 
two metals in water. 

Conclusions
The analysis of the above results led to 
the conclusion that Ni and Cr (as total Ni 
and Cr) can pass directly through irriga-
tion water to onions (shoots and leaves) 
and there is strong evidence that Ni can 
also pass to potato tubers, depending on 
the irrigation concentration of the two 
heavy metals. More specifically, onions 
and potatoes, cultivated in a never previ-
ously anthropogenically polluted soil, 
irrigated for the first time with Ni(II) and 
Cr(VI) concentrations that can be found in 
nature (in polluted underground waters) 
can be cross-contaminated by Ni and Cr 
in the irrigation water. No evidence was 
found in this experiment that Cr and Ni 
can cross-contaminate carrot bulbs.

Farmers using Cr(VI) and Ni(II) 
polluted water for irrigation purposes 
should be supplied with clean irrigation 
water, in order to minimise heavy-metal 
cross-contamination of the food chain.

As a consequence of our analyses, the 
European Food Safety Authority (EFSA) 
has been informed about the accumu-
lation of Cr and Ni in food tubers, as 
outlined above1,7 and has initiated, after a 
request from the Food Safety Authorities 
of Greece, two scientific questions (under 
Article 29: Question type: Scientific opin-

ion) on Ni (EFSA-Q-2012-00378) and Cr 
(EFSA-Q-2012-00379), with deadlines 
at 31 December 2014 and 31 December 
2013, respectively. 

It is anticipated that EFSA will assess 
the risk of Cr and Ni found in vegetables 
and drinking water to human health, 
taking into consideration the other known 
sources of human exposure (for example, 
cigarette smoke, air) of the two heavy 
metals, aiming, in particular, towards the 
protection of the most vulnerable groups 
of the population (children, elderly and 
pregnant women). These results and the 
corresponding decision by EFSA should 
finally lead to the setting of legal limits for 
the rest of the heavy metals found in the 
food chain, in addition to the four (i.e. 
lead, cadmium, mercury, tin) for which 
there are already limits in the existing 
legislation (Commission Regulation EC 
1881/2006).
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