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ABSTRACT

The growth in urbanization and industrialization is causing an increase in environmental pollution in cities
and their surrounding areas. Additionally, the growing urban population requires a greater volume of fresh ve-
getables. In nature, heavy metals (HM) are widely distributed; when they gradually enter the soil-plant-con-
sumer continuum, they are difficult to remove from the system and accumulate at toxic levels. To gain an
overview of this situation, the information in the ScienceDirect database was used in accordance with the
PRISMA guide. For this, the keywords “vegetable”, “contamination” and “urban” were used in a first step and,
in a second step, the keywords “vegetable” and “heavy metal” were used. The most toxic HM for consumers
are Cd, Pb, Hg, Cr and As, as well as essential MP for the plant (Zn, Cu, Ni, Fe, Mo). At excessive concentra-
tions these cause neurological and kidney damage, cancer and other forms of damage to health. Crop con-
tamination can come from the atmosphere, irrigation water, and/or the soil itself, proximity to busy roads,
industry, polluted rivers, and excessive use of pesticides and fertilizers that contain HM. Plant poisoning by
HM causes a decrease in root growth and biomass of the plant, foliar chlorosis, and other physiological alte-
rations. Leafy vegetables (including aromatic herbs) and solanaceous vegetables accumulate the most HM,
while cucurbits and legumes are the least affected. Plants that develop for a longer time accumulate a greater
amount of HM. In general, to increase the food safety of urban horticulture, more studies are needed on HM
contamination, soil aptitude, risk assessment for ingesting intoxicated vegetables, as well as appropriate ins-
tructions for the clean handling of these crops in cities and surrounding areas.
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RESUMEN

La creciente urbanizacién e industrializacién genera un aumento de la contaminacién del ambiente en las ciudades
y terrenos aledafnos, en cambio, la crecida poblacién urbana demanda un mayor volumen de hortalizas frescas. En la
naturaleza, los metales pesados (MP) existen ampliamente distribuidos y cuando entran paulatinamente al continuo
suelo-planta-consumidor se pueden retirar dificilmente del sistema, acumuldndose a niveles téxicos. La informacién
de la base de datos ScienceDirect se utilizé de acuerdo con la gufa PRISMA, utilizando en primera instancia las pa-
labras clave “vegetable”, “contamination” y “urban”, y en una segunda busqueda los términos “vegetable” y “heavy
metal”. Los MP més téxicos para los consumidores son el Cd, Pb, Hg, Cr y As, igualmente como concentraciones
excesivas de los MP esenciales para la planta (Zn, Cu, Ni, Fe, Mo) que ocasionan, entre otros, dafios neurolégicos,
renales y cdncer. La contaminacién de los cultivos puede venir de la atmésfera, el agua de riego y/o del suelo, sobre
todo por la cercania a las carreteras muy transitadas, la industria, rfos contaminados y el uso excesivo de pesticidas
y fertilizantes que contienen MP. La intoxicacién vegetal por MP causa una disminucién en el crecimiento de las
raices y en la biomasa de la planta, ademas por clorosis foliar, entre otras alteraciones fisiolégicas. Las hortalizas de
hoja (incluyendo las hierbas arométicas) y las solandceas son las que mé4s acumulan MP, mientras las cucurbitdceas y
leguminosas son las menos afectadas. Las plantas que se desarrollan durante més tiempo acumulan una mayor can-
tidad de MP. En general, para aumentar la seguridad alimentaria de la horticultura urbana, faltan estudios sobre la
contaminacién con MP, la aptitud de los suelos, la evaluacién del riesgo por ingerir hortalizas intoxicadas y, ademas,

de instrucciones apropiadas para el manejo limpio de estos cultivos en las ciudades y zonas aledafas.

Palabras clave adicionales: cadmio; plomo; aguas residuales; intoxicacion; horticultura urbana; seguridad alimentaria.
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Increased urbanization and industrialization have
led to an increase in urban environmental pollution
(Zwolak et al., 2019; Haider er al., 2021). Noonan
and Barreau (2021) estimate that the world popula-
tion will rise to 8.6 billion by 2030 and to 9 billion
by 2050, with two thirds living in cities, requiring
increased global food production on a large scale. In
Latin America (including the Caribbean), 75% of the
population lives in cities, and it is estimated that this
number will increase to 83% by the year 2030 (Oli-
vares et al., 2013). Increased urbanization means that
the majority of the world’s population will live in cit-
ies and will require biological resource inputs and a
healthy living environment (Yang and Yang, 2022).
Meanwhile, the peri-urban zone represents the tran-
sition between urban and rural areas, playing an im-
portant role in the maintenance of urban ecosystems
and safeguarding food security for the urban popula-
tion (Jansma and Wertheim-Heck, 2022). Investiga-
tion results have found that urban systems provide
many opportunities for the application of sustainable
horticulture in urban areas through waste manage-
ment and farming, that could together reinforce each
other (Haitsma et al., 2002).
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INTRODUCTION

For these reasons, it is important to promote urban
horticulture (the primary form of urban agriculture)
(Crispo et al., 2021) and peri-urban horticulture, to
supply the rapidly growing population of cities with
fresh vegetables and fruits (Cohen and Wijsman,
2014); however, air, water and soil contamination
are a barrier to achieving this goal (Miranda ez al.,
2008a). Heavy metal (HM) contamination of air,
water, and soil strongly affect the food security of
millions of people by causing reduced development
of vegetables and, consequently, deficient crop yield
(Elango et al., 2022).

Despite the positive perception of current urban hor-
ticulture and locally produced fresh vegetables, the
possible food safety risks linked to these could be un-
derestimated, inducing regulatory gaps (Buscaroli et
al., 2021).

The United Nations (2020) classifies cities as one of
the factors that most influences global warming, giv-
en that they use 78% of the world’s energy and emit
60% of greenhouse gases, while covering less than 2%
of the earth’s surface. In addition, because of climate
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change, urban pollution increases with the increase
in temperature (Santamouris et al., 2015), fostered by
so-called “urban heat islands” (Ulpiani, 2021), as con-
firmed by Fischer and Beltrdn (2021) by comparing
three locations in Bogota (Colombia). In this context,
urban horticulture is capable of mitigating the effects
of climate change by growing the crops best adapted
to local conditions, thus substituting a great part of
the food produced from regular supply systems (Ku-
lak et al., 2013), and sustaining various ecosystem
services such as carbon storage (Dobson et al., 2021).
The high temperatures in the urban area associated
with the reduction of relative humidity also hinder
agriculture because they can exceed the optimum
ranges for plant growth in the city, e.g. in the case of
the tomato, whose optimum temperature is 18-27°C
and cannot withstand temperatures that exceed 35°C
(Vallejo and Estrada, 2004). In addition, high temper-
atures can accelerate the phenology of the plant, es-
pecially in short-cycle vegetables (Chaves-Barrantes
and Gutiérrez-Soto, 2017). On the other hand, in
temperate zones of the northern hemisphere, the in-
crease in temperature in cities due to heat islands and
global warming offer possibilities for cultivating new
horticultural species in urban gardens, with higher
yields than in the past (Waffle et al., 2017).

Among urban agricultural plants, vegetables rank
first because they are nutrient-rich foods and occupy
suitable soils most efficiently because they are per-
ishable and high-value (Weidner et a/., 2019; Hume
et al., 2021). Vegetables constitute an essential source
for human nutrition, providing vitamins, minerals
and fibers, as well as having important antioxidant
effects (Begum et al., 2019). However, in food, both
essential and non-essential elements can be harmful
to human health if consumed in high concentrations,
particularly heavy metals (HM) (Marschner, 2012),
including the metalloid arsenic (As). The properties
of metalloids are intermediate elements between
metals and non-metals (Nag and Cummins, 2022). In
the text of this article, As is included in the group of
HM, despite being a metalloid.

In nature, HM are widely distributed, which makes
their presence in living beings essential (Miranda ez
al., 2022). The processes that control the mobility
and availability of HM are complex, these being fac-
tors of geochemical, biological, climatic and anthro-
pogenic origin (Kabata-Pendias, 2004).

As they are biologically toxic, non-degradable and
persistent, HM have received much consideration (Yu
et al., 2022). The uptake of HM by plants generates

several dangers for the environment that McLaughlin
(2002) classifies mainly as (a) incorporation of HM
into the food chain, (b) detriment of plant cover in-
duced by phytotoxicity and (c) the cycling of metals
to the superficial layers of the soil by tolerant plants,
causing toxic effects on fauna and flora.

The rapid growth of industry and, in many cases, dis-
organized urbanization, have created a considerably
higher risk of environmental contamination through
HM (Zwolak et al., 2019). This situation, together
with the application of large amounts of fertilizers
and pesticides in agriculture, leads to the accumula-
tion of toxic substances in the air, water, and soil (Ku-
mar et al., 2015; Rodrigues et al., 2017).

Generally, HM have been classified according to
their specific density, as elements with a density =5
g cm® (Covarrubias and Pefia, 2017; Lambers and
Oliveira, 2019) or = 4 g cm® (Londofo-Franco ez al.,
2016). However, another term to refer to HM is toxic
metals, due to their toxicity in ionic form (Epstein
and Bloom, 2004), with resulting negative conse-
quences (Alloway, 2013).

There are multiple reports on the presence of HM,
such as cadmium (Cd), lead (Pb), chromium (Cr) and
mercury (Hg) in higher plants, mainly due to envi-
ronmental contamination, variations between geno-
types in the critical levels of toxicity of these HM in
plants and the appearance of HM in the food chain
(Marschner, 2012).

Zwolak et al. (2019) mention that in addition to their
wide distribution in the environment, heavy metals
are notable chemical contaminants in food. Zwolak
et al. (2019) group HM such as the so-called micro-
nutrients Fe, Mn, Cu, Zn and Mo into essential ele-
ments for metabolic processes; in excessive amounts
these are more harmful to plants than to animals,
while elements such as Cd, Pb, Hg and As, even in
low concentrations, are very harmful to animals and
humans. Likewise, they affect, to a lesser degree, the
growth and development of plants.

The Codex Alimentarius defines a contaminant as
“Any substance unintentionally added to food as a
result of the production (including operations carried
out in crop husbandry, animal husbandry and vet-
erinary medicine), manufacture, processing, prepa-
ration, treatment, packing, packaging, transport or
holding of such food or as a result of environmental
contamination” (FAO-OMS, 2009).
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Due to its complexity, the topic “bioremediation”,
which involves the use of plants (phytoremediation)
or microbes (microbial bioremediation) and is one of
the most efficient procedures to eliminate HM from
the soil (Elango et al., 2022), is not included. Bhat et
al. (2022) described these eco-friendly and sustain-
able methods of phytoremediation of HM in water
and soil as a multidisciplinary approach.

Studies on HM in urban and surrounding areas are
scarce but, due to the risks posed by HM to the
health of citizens, they are imperative (Antisari ez al.,
2015; Augustsson et al., 2023a). The objective of this
document is to provide a description of the impact of
HM contamination on vegetables cultivated in urban
and peri-urban areas, reviewing results from various
countries and regions affected by this problem that
affects the health of consumers.

METHODOLOGY

The information in the ScienceDirect database was
used in accordance with the PRISMA guide, apply-
ing the modified methodology of Page er al. (2021).
In a first step the keywords “vegetable”, “contami-
nation” and “urban” were used for the last 10 years
(2014-2023), which generated 361 articles, of which
25 (6.9%) were useful for this article. In a second step
the keywords “vegetable” and “heavy metal” were
used for the last 5 years (2019-2024), finding 1,640
articles of which 27 (1.6%) were included. Because of
their importance, some studies from previous years
and other databases, e¢.g. ResearchGate were also
used.

Health effects due to the consumption of
contaminated vegetables

To comply with the WHO/FAO recommendations to
consume a minimum of 400 g of fruit or vegetables
(excluding potatoes, sweet potatoes, cassava and oth-
er starchy tubers) per day to prevent chronic diseases,
the consumption of vegetables is very important
(WHO, 2020) and its demand, especially in cities, is
high.

Studies have shown that vegetables grown in con-
taminated urban and peri-urban soils may contain
high concentrations of trace metals that may ex-
ceed acceptable limits for food safety (Nabulo ez
al., 2010; 2012). The human body needs very low
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concentrations of iron (Fe), copper (Cu), cobalt (Co),
manganese (Mn), zinc (Zn), molybdenum (Mo),
strontium (Sr) and vanadium (V) (Londofio-Franco et

al., 2016).

Within the HM found in foods from urban and peri-
urban areas that affect the health of living organisms
(including humans) Zwolak er al. (2019) and Filipiak-
Szok (2015) established the following descending or-
der: Hg > Cu > Zn > Ni > Pb > Cd > Cr > Sn >
Fe > Mn >Al, which, in small amounts, represents
the danger they pose to health. The minimum that
the consumer should do is wash the vegetables before
consuming them. Augustsson et al. (2023b) verified in
their study with Pb that the average daily consump-
tion of this HM would augment by 130% if contami-
nated vegetables are not washed before eating them.

According to the WHO (2021), HM such as Cd, Pb
and Hg cause neurological and kidney damage (Tab.
1), and are even more harmful if consumed over time
throughout prenatal development and childhood,
leading to irreversible alterations in the central ner-
vous system (Zwolak et al., 2019). Through evaluat-
ing reports of Cd content in spinach, potatoes, rice,
oats, barley and wheat in the United States, Pokharel
and Wu (2023) found that the infant and child age
groups (6-24 and 24-60 months old) are the most vul-
nerable to Cd in these foods that surpasses the maxi-
mum tolerable intake amount.

Liet al. (2023) modeled the health risks from anthro-
pogenic activities on soil contamination and found
that, in a large Chinese city, atmospheric deposition
with HM contributes more to the carcinogenic risk in
children than to adults, while the intensity of traffic
and agricultural activities also has an effect on adults.
In the assessment of the non-carcinogenic and car-
cinogenic risks of the population from HM, calcula-
tions such as (1) the daily consumption of vegetables
and (2) the estimated daily intake of HM relative to
weight of the consumers are used, also considering
the exposure during the days of the year for a total
lifetime (70 years). For more details on the health risk

assessment of HM, see, among others, Liang et al.
(2018) and Sharma et al. (2009).

Due to the threat to human health from the inges-
tion of toxic metals in food, permissible levels in
food, with an emphasis on processed foods, have
been adopted by institutions and countries includ-
ing the European Union (EU Commission Regulation
No. 1881/2006 of 19 December 2006 and amending
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Table 1. Original sources and important effects on human health by HM.

Cadmium Mining, plastic, refining, welding, Kidney damage, gastroenteritis, bronchitis, bone marrow, cardiovascular disease,
fertilizers, pesticides lung failure, cancer, itai-itai disease, hypertension, weight loss, nervous disorders
Mining, pigments, paint, battery manu- | Neurological damage, anemia, general malaise, anorexia, liver, kidney and

Lead facturing, electroplating, welding, coal gastrointestinal damage, hypertension, encephalopathy in children, immune and
burning, pesticides reproductive system disorders

Mercur Mining, paint industry, paper industry, Corrosive to skin, eyes and muscles, nervous system damage, protoplasm poiso-

y batteries, pesticides ning, pneumonia, kidney damage, dermatitis

Arsenic Mining, smelting, rock sedimentation, Bone marrow depression, bronchitis, hemolysis, dermatitis, cancer, hepatomegaly,
paints, pesticides carcinogenic, neurotoxic, and genotoxic disorders

Zinc Mining, refmenes, pl_umblng, brass Gastrointestinal upset, short-term metal fume fever
manufacturing, fertilizers
Painting, platin nstruction r - - . . .

Copper ainting, piating, construction, coppe Neurotoxicity and acute toxicity, neonatal ataxia, heart failure, diarrhea
polishing, printing operations, fungicides

Nickel Non-ferrou§ metql, porcelam_enamehng, Lung cancer, reduced lung function, chronic bronchitis
electroplating, paint formulation

Source: according to Londofo-Franco et al. (2016); Sandeep et al. (2019) and Zwolak et al. (2019).

Regulation No. 420/2011 of 29 April 2011). The
FAO/WHO publishes the Codex Alimentarius CXS
193-1995 (amendment 2019), which established the
maximum levels for cadmium, lead, mercury, arsenic
and tin in food, while Resolution Number 4506 of
October 30, 2013 of the Ministry of Health and Social
Protection of Colombia regulates maximum levels for
cadmium and lead in vegetables.

For the different species and types of fresh vegeta-
bles, the maximum permissible concentrations with
Pb and Cd have been established. Thus, EU Regula-
tion 2021/1323 of August 10, 2021, for Cd, and EU
Regulation 2021/1317 of August 9, 2021, for Pb, es-
tablish 0.02 and 0.05 mg kg* fresh weight for fruit
vegetables, and 0.1 and 0.3 mg kg fresh weight for
leafy vegetables for Cd and Pb, respectively.

Origin of contamination in plants

The HM in the soil can be geogenic or anthropo-
genically originated; those of geogenic origin come
from the parent material in the earth’s crust, from
the leaching of mineralization or from volcanic activ-
ity (Galan and Romero, 2008; Zwolak et al., 2019).
And thus, this type of pollution evolved into a global
problem that severely hampered sustainable agricul-
tural production and put at risk environmental safety
(Wanget al., 2022).

The WHO (2020) points out that the existence of
HM in the food chain is caused especially by air, wa-
ter and soil contamination. Aubry and Manouchehri
(2019) characterize the factors of exposure of urban
agriculture to pollution with respect to the type of
crop, the location of the crops, and the characteristics
of the pollutant and the soil.

Antisari et al. (2015) report that pollutants in urban
areas are commonly from anthropogenic sources,
such as road traffic, prior industrial use of the lots,
incinerators, and atmospheric deposition caused by
industrial activities. In their study on spatial distribu-
tion of Pb in peri-urban soils Wu et al. (2023) found
that Pb concentration was elevated in sites near in-
dustrial firms (<4 km) and gasoline stations (<1.5
km).

HM sources that generate contamination during the
production of horticultural crops are grouped by Li et
al. (2018), Rai et al. (2019) and Thakali and MacRae
(2021) as:

* Proximity to industrial areas, mining, and atmos-
pheric deposition

* Automobile sources on highly trafficked roads that
contaminate neighboring crops

¢ Industrial and road runoff
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* Irrigation with wastewater from urbanized and/or
industrial areas

* Excessive application of fertilizers, especially phos-
phoric types

* Livestock manure
* Sewage sludge-based amendments

* Application of metal-based pesticides

Marschner (2012) adds to these sources of HM high
soil-plant transfer, especially to the harvest organ.

Air

Polluted air is one of the most important issues that
affects the health and well-being of the urban popu-
lation (Fischer and Beltrdn, 2021). Urban areas have a
substantial impact on air quality at all levels (Folberth
et al., 2015). Airborne particles from anthropogenic
sources usually transport trace elements (such as
HM), salts (sulphates and nitrates) and organic com-
pounds adsorbed on their surface (Izquierdo-Diaz et
al., 2023). Due to their ability to associate with air
masses, HM are recirculated by winds, depositing in
areas far from their origin, either on the ground or on
plants in urban and peri-urban areas (Imperato et al.
2003; Ferreira et al., 2018a). Cleaner air alone could
provide up to 20% yield increase in important crops
such as soybean and corn (Lobell and Burney, 2021).
Augustsson et al. (2023a) found in a farm in south-
east Sweden that leafy vegetables continue to hold
0.05-1.3 wt% of adhered particles after washing and,
through ingesting 0.5% of these particles, consider-
ing a mean intake of vegetable food, an adult person
could consume 100 mg of particles daily.

The level of pollutants decreases not only with dis-
tance from main roads but also with height, as Aubry
and Manouchehri (2019) report for the city of Paris,
in which pollution is markedly reduced at the fourth
floor of buildings, making vegetables grown at these
heights much more innocuous. Ercilla-Montserrat
et al. (2018) proved the feasibility of growing leafy
vegetables on the rooftops of Barcelona and its sur-
roundings using soilless systems in high-traffic ar-
eas, resulting in low HM contents in edible parts of
lettuce.

Most metals, such as Cd, Cu, Pb, Zn and Ni, are 75-
90% bound to the PM, fraction of particulate matter
(Mohanraj et al., 2004).
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In neighborhoods with a high population and few
green areas in Bogota, such as Kennedy (960,797 in-
habitants and 80 ha of tree cover), Fischer and Beltrdn
(2021) report a much higher concentration of PM,,
(43.7 ug m?®) than in the greener Usaquen (499,829
inhabitants and 120 ha of tree cover), with 24.7 ug
m® PM,, for the year 2019. Kumar ez al. (2019) high-
light the potential of urban trees to decontaminate
the air due to the deposition of particulate matter on
their leaves.

In a study in cities with high vehicular activity in the
state of Zulia in Venezuela, concentrations of Pb and
Ni were measured that exceeded the permissible lev-
els of the WHO (Machado er al., 2008). Meanwhile,
in the city of Manizales (Colombia), the concentra-
tions of Hg, Ni, Cr, Pb and Cd did not exceed the limit
values established by the WHO and the EPA (Velasco,
20095). In the highly industrialized area of Bogota, Pu-
ente Aranda, the main metals in the atmosphere were
Fe and Pb (=4,000 ng m?), while intermediate con-
centrations were measured for Cr, Cu, Ni, Zn, and
Mn (50-700 ng m?®) and the lowest levels were found
for Cd and Ag (Pachén and Sarmiento, 2008).

In Bologna (Italy), high HM concentrations (160 mg
kg' dry weight [DW]) were measured near the road
in lettuce, while 210 mg kg* DW was found in basil
(Antisari et al., 2015). In this same study, compar-
ing the accumulation of HM in tomato and zucchini
fruits grown 10 or 60 m away from the main road,
significantly higher concentrations of Cd, Cr, Ni and
Zn were found in tomatoes and in zucchini of Ba, Ni,
Sn and Zn at 10 m from the road, compared to plants
of the same two species at a distance of 60 m.

Sdumel et al. (2012) found in Berlin (Germany) that
the aerial deposition of HM is high within the city,
meaning that consumption of vegetables grown in
the city, especially those grown near roads, would
mean a high risk of exposure to toxic metals. Due
to this situation, Sdumel et a/. (2012) highlight the
importance of barriers, including buildings, between
crop plots and roads, which reduce crop contami-
nation. Likewise, ornamental trees in the city con-
tribute to the reduction of air pollution due to the
deposition of particulate matter (including HM) on
their leaves, highlighting the importance of their
proximity to urban vegetable crops (Antisari et al.,
2015; Fischer and Beltran, 2021). Sharma et al. (2009)
point to the danger of contamination by atmospheric
deposition during the production, transport and sale
of products in urban areas. These authors found a
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higher concentration of Cd, Cu and Zn in vegetables
in marketplaces in Varanasi (India) than in produc-
tion farms, especially during the months of Novem-
ber to February.

Water

There are many differences in the susceptibility of
different types of plants to air and soil contaminants,
considering that irrigation water can contaminate
both the soil and the plant (Miranda et al., 2008b;
Aubry and Manouchehri, 2019). The United Nations
(2019) stated that water and food security are of
global interest and crucial to the achievement of sus-
tainable development objectives. In urban areas and,
particularly, in peri-urban areas, where rivers are used
to irrigate vegetables, contamination can be high, as
is the case of the Bogota River (Miranda et a/., 2008a;
Bello and Lesmes, 2011) or the Atoyac River (Puebla,
Mexico) (Mora et al., 2021). Various studies found
that the Bogota River contained toxic elements such
as heavy metals and metalloids, for example, cad-
mium (Cd), arsenic (As), cobalt (Co), mercury (Hg),
chromium (Cr), lead (Pb), tin (Sn), iron (Fe), copper
(Cu), manganese (Mn), nickel (Ni) and zinc (Zn), the
last five being essential elements for the development
of plants, in very low concentrations (Miranda et al.,
2008a).

Municipal and industrial wastewater are an impor-
tant source of HM that contaminate rivers and thus
irrigation water for neighboring crops. Zhao et al.
(2022) classified municipal wastewater as the prima-
ry source of wastewater employed directly in vegeta-
ble crops. The use of treated or untreated wastewater
for irrigation to relieve the deficit of freshwater re-
sources has been very common in developing coun-
tries (Aftab et al., 2023; Ruan et al., 2023; Yahaya et
al., 2023). This situation is further aggravated if there
are not enough wastewater treatment plants along
the waterway, as is the case for the Bogota River
(Diaz-Martinez and Granada-Torres, 2018).

Irrigation with wastewater that has contaminated
rivers leads to significant contamination with toxic
metals in soils and in vegetables grown in these sites
(Zwolak et al., 2019) as well as with fecal coliforms
(Ferreira et al., 2018a). Aubry and Manouchehri
(2019) attribute the risks to food grown in the urban
area mainly to bacteriological causes due to the use
of wastewater by residents and, in addition, to crops
located in low-lying areas prone to flooding.

Corrales et al. (2018) found that irrigation water
taken from the middle basin of the Bogota River con-
tained bacteria harmful to humans such as Escherichia
coli, Proteus vulgaris, Serratia marcenscens, Brevibacillus
cereus and Enterobacter cloaceae, as well as bacteria
phytopathogenic for crops such as Aspergillus fumiga-
tus, A. flavus, Rhizopus sp., Mucor sp., Fusarium sp. and
Penicillium sp. A tomato crop irrigated with indus-
trial wastewater produced the same yield as plants
irrigated with clean groundwater, but with lower
marketable fruit yields and with a fecal E. colf and En-
terococci load that exceeded allowable limits (Gatta et
al., 2015).

Rai et al. (2019) concluded that irrigation with in-
sufficiently treated effluent or sludge represents the
primary origin of contamination for vegetable crops
in developing countries. In sewage sludge, the most
commonly detected HM are Cr, Fe, Mn, Ni, Co, Cu,
Hg, Zn, Pb, Cd, As and Se (Buta et al., 2021). Irriga-
tion with reclaimed water has a much lower pollu-
tion risk than untreated wastewater and, moreover,
regenerated water contains organic matter and essen-
tial nutrients (N, P, K, among others) that can lead
to optimal plant growth (Zhao et al., 2022). Panhwar
et al. (2022), based on their experience using treated
wastewater for growing healthy okra crops, sug-
gest that reclaimed industrial wastewater could be
an important and useful source for agricultural ob-
jectives, which would reduce the discharge of fresh-
water resources and contribute to protecting the
environment.

Several studies in plantations near the Bogota River
that measured the concentration of these elements in
the river water and the soil, and vegetables irrigated
with it found that the concentration of the pollut-
ants in the water and soil were still within the level
allowed by international standards (Miranda et al.,
2008a). However, in the case of lettuce and celery
plants, Cd concentrations exceeded the maximum
limit allowed by the European Union (EU), and in the
four vegetables in the study (lettuce, celery, cabbage
and broccoli) the amount of Pb exceeded the maxi-
mum level permitted by the EU in foods for young
children including infants (Miranda et al., 2008a).
Similar results, exceeding the European norm, were
recorded by Bello and Lesmes (2011) in chard and
lettuce irrigated with water from the Bogota River,
and chard exceeded the permissible limit for Cr, while
in celery no contamination by Cd, Pb, Cr or As was
found, as observed by the authors.
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As well as industrial activities, technified agricultural
production, especially in the vicinity of rivers, can
produce high amounts of HM that will continue to
accumulate in the river water, contaminating it (Yu ez
al., 2022). To avoid disasters due to flooding and wa-
terlogging through rivers (with little pollution), the
development of agricultural irrigation is one of the
most sustainable solutions (Yu ez al., 2022).

Soil

Previously, water and air pollution were considered
more important than soil pollution. Recently, how-
ever, soil contamination has become severe, and now
attracts global attention given the implications of
this for the safety of agricultural products (Shukla
and Jain, 2022).

In general, urban soils have been moved, leveled and/
or compacted over the years (Gonzélez et al., 2021),
and therefore vary widely in their physical-chemical
characteristics (Meftaul ez al., 2020). They stand out
for their low level of organic matter and, in addition,
high pollutant content, normally due to air deposi-
tion (Pavao-Zuckerman, 2008). Ferreira et al. (2018a)
mention that soil pollution is one of the greatest risks
of urban agriculture, while Kabata-Pendias (2004)
and Haider et al. (2021) attribute the soil as the main
sink for pollutants, especially HM for plants. Con-
tamination of soil by HM and pesticides leads to loss
of fertile land and endangers vegetable production
and quality (Naidu et al., 2021).

Contamination of urban soils results from vehicle
emissions, industrial processes, application of her-
bicides and pesticides, and inappropriate waste
treatment (Li et al., 2018). In many cases, urban
soils contain toxic elements such as HM and poly-
chlorinated biphenyls (PSBs) that can contaminate
vegetable and fruit plants produced in urban horti-
culture, putting human health at risk (Ferreira et al.,
2018b). Several studies showed the accumulation of
toxic metals in vegetables grown in urban soils (Nab-
ulo et al., 2012). In urban soils in Chengdu (China),
the highest HM contamination measured originated
from atmospheric deposition and traffic activities in
areas of high and medium urban intensity. Cd was
the highest pollutant in high intensity areas (Liet al.,
2023).

Growing crops in peri-urban areas is an essential con-

tribution to the provision of vegetables to urban resi-
dents (Hu ez al., 2023). A recent worldwide study by
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Liuet al. (2023) shows that contamination of peri-ur-
ban soils with metal(loid)s, pesticides and microplas-
tics is similar to that of soil in urban green areas, that
is, natural peri-urban areas have the same contamina-
tion as green areas in the city. Likewise, Kumar et al.
(2022) and Li et al. (2019) mentioned that pressures
from industry, urban growth, transportation and ag-
riculture led to a decrease in soil quality in peri-urban
areas and thus to an accumulation of HM in these
soils (Hu et al., 2023).

Lora and Bonilla (2010) warn of the need for remedia-
tion of soils adjacent to contaminated rivers due to
the medium to high concentrations of Cd and Cr in
soil samples between 0 and 20 cm deep in the route
of the Bogota River between Villapinzon and Bosa
(Cundinamarca).

The availability of HM for plants is largely condi-
tioned by the cation exchange capacity, the clay
content, humus and the pH of the soils (Umar ez
al., 2005). Kabata-Pendias (2004) generalized that in
acidic, well-oxygenated (oxidizing) soils, several HM,
especially Cd and Zn, are rapidly mobile and available
to plants; while in neutral or alkaline soils with poor
aeration (reducing), metals would be significantly
less available. This implies that acid pH of the soil is
the most important factor influencing the high ab-
sorption of HM by vegetables; Kabata-Pendias (2000)
report that, in alkaline soils (pH 7.1-8.1), HM have
a lower bioavailability for plants and the application
of organic matter can reduce the absorption of HM
from the soil solution.

In waterlogged or flooded soils, plants suffer from hy-
poxia stress due to the low level of oxygen (Habibi ez
al., 2023), an increasingly frequent situation due to
extreme events of climate change in plantations near
rivers or other bodies of water and their surround-
ing cities. Due to this adversity, the redox potentials
decrease, generating an increase in the solubility of
nutrients such as Fe?* and Mn?*, reaching phytotoxic
concentrations in the rhizosphere (Marschner, 2012;
Fischer et al., 2023); we assume that some non-es-
sential HM can also reach these harmful levels under
waterlogging and inundation conditions. For Spar-
tina alterniflora, a species from estuarine wetlands,
Xu et al. (2018) observed that the accumulation of
Pb, Cr, Zn and Cu in the plant was proportional to
the exchangeable fraction of these HM in the sedi-
ment, which increased with the time of flooding. In
two tomato varieties placed under combined Cd and
waterlogging stresses, Zhou et al. (2023) found that
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synergistic regulation between the antioxidant sys-
tems maintained the ROS at a normal level, but that
damage from the two stresses to the structure and
function of the chloroplasts generated a lower pho-
tosynthetic capacity, decreasing the biomass produc-
tion of the plants.

In general, the use of interior urban spaces for agricul-
ture reduces plant contamination by soil or air; how-
ever, contamination by soil increases if it has been
used for industrial purposes (Aubry and Manoucheh-
ri, 2019). A study in Ohio (USA) confirmed that ur-
ban orchards managed for several years contained far
fewer contaminants than soils not used for this pur-
pose in the city, which contained higher levels of Pb,
Zn, Cd, Cu and polyaromatic hydrocarbon; this was
due to microbial activity and degradation as well as to
the dilution of HM by mixing with clean soil (Kaiser
et al., 2015). However, Sdumel et al. (2012) found in
the center of Berlin a significantly higher Pb content
in vegetable species grown near busy roads than in
vegetables sold in supermarkets, most likely coming
from outside the city. For contaminated urban soils,
Antisari et al. (2015) recommend hydroponic cultiva-
tion, for example, in the case of rosemary, as it is a
HM accumulator plant. In urban horticulture, soil-
less cultivation systems can prevent the introduction
of HM into vegetable plants because these processes
can guarantee unpolluted substrates (Ercilla-Mont-
serrat et al., 2018).

Vega and Vega (2021) examined 49 organically man-
aged urban orchards in the city of Bogota, near high
vehicular traffic, finding that the concentration of Pb
in soil, irrigation water and the plant did not exceed
national and international standards. These authors
also mentioned that the total level of Pb in the soil
is not always fully available, since absorption, trans-
port and bioaccumulation of this element by plant
tissue are related to various variables.

Pesticides and fertilizers

The incidence of pests in crops has increased, for rea-
sons including climate change, which has resulted in
an increase in the use of pesticides (Wenning et al.,
2010). One of the predominant environmental prob-
lems associated with pesticides is infiltration into
aquifer complexes (Mora et al., 2021). In small scale
crops in the urban environment, owners often inad-
vertently apply excessive doses of pesticides, leaving
residues that constitute a threat to the area (Meftaul

et al., 2020). Eijsackers and Maboeta (2023) reported
that the heavy metal-containing fungicide copper
oxychloride, applied under field conditions, can dam-
age soil life.

Contamination of vegetables results from the exces-
sive use of fertilizers because they can increase the ac-
cumulation of HM (Marschner, 2012; Zwolak et al.,
2019). Near Bologna (Italy) an accumulation of 1.2
mg kg dry weight of Cd was found in tomato fruits
due to crop fertilization over many years, a higher
concentration than in tomatoes from urban agricul-
ture (Antisari et al., 2015). Also, in greenhouse toma-
to cultivation, Gil ez al. (2004) report that, due to the
specific use of substrates and fertilizers, in addition
to the reuse of water and nutrients, the accumulation
of Cd and Pb can increase. However, Wan et al. (2022)
compared the soil of 60 greenhouse vegetable plots
(6-20 years old) with those of 20 adjacent arable land
plots of vegetable production, finding that the Pb and
Cr soil concentrations were lower in greenhouses,
possibly due to the protection provided by the green-
house roof, which kept soils away from atmospheric
depositions emitted by neighboring industries.

In peri-urban agriculture or in rural areas close to cit-
ies, the use of fertilizers and pesticides is generally
higher due to the high demand of growing cities (Li
et al., 2023). The excessive use of phosphate fertilizer
is the primary source of high Cd concentrations in
agricultural soils (Niu et al., 2023), which contain Cd
concentrations between trace and 27.20 mg kg? (Li
et al., 2020), while the application of diammonium
phosphate (DAP) can increase the mobility of Cd,
Ni, Cu and Zn (Jalali and Moharami, 2010). Lim-
ing soils can reduce Cd uptake by increasing pH and
absorption competition between Ca and Cd, but,
conversely, liming can also increase Cd uptake by re-
ducing Zn levels and thus competition for Cd uptake
(Marschner, 2012). Meanwhile, the foliar application
of “InCa” which activates Ca transport in vegetable
species containing among other substances Ca(NOs),
decreased root Pb concentration in tomato and cu-
cumber plants to 73% and 60%, respectively (Wierz-
bicka et al., 2028). In cauliflower genotypes Ma et al.
(2022) observed that the application of nitric oxide
relieved Cd-induced decrease of biomass and growth.
They attributed this positive response mainly to the
reduction of Cd uptake, sustaining essential miner-
als content, increasing the action of antioxidant
enzymes and thereby inhibiting ROS content and
protecting proteins and photosynthetic pigments.
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In organic agriculture, the use of synthetic pesticides
and fertilizers, emissions in general and nutrient run-
off are reduced by using organic household debris and
other available sources (Aubry and Manouchehri,
2019), but this can also decrease crop yields (Weidner
et al., 2019). As mentioned before, biological manage-
ment of plantations is very important around urban
and suburban rivers (Yu er al., 2022). Also, in organic
production, the natural phosphorous source in fertil-
ization must not exceed 90 mg kg* of P,O; according
to the Codex Alimentarius.

Effect of heavy metals on plants

Heavy metal toxicity impairs the yield potential of
many vegetable crops. It hampers physiological func-
tions of plants, decreases seed germination, impedes
the photosynthetic functionality, and generates oxi-
dative stress (Elango et al., 2022).

In order for HM to accumulate in plant cells, they
must be mobilized in the soil and taken up by the
roots, where they are loaded into the xylem to be
transported in the stem to the aerial parts of the
plant, then distributed to the tissue of the leaves or
fruits (DalCorso et al., 2014). For each of these steps,
as reported by Clemens (2001), a complex interaction
between chelating compounds and metal transport-
ers is needed that affects the rate of accumulation of
these metals.

Elango et al. (2022) described a non-linear response
of increasing HM absorption, that depended on fac-
tors such as the availability and solubility of these
elements in the soil, the leaf and the leaf type, fer-
tilization, growing environment, redox potential, soil
moisture, and others. Additionally, the latter authors
mentioned that factors such as the form in which
they are present in the soil, i.e. bound with soil parti-
cles or easily available in soil solution, determine the
availability of these HM for plant uptake.

In most cases, the roots are damaged first and very
severely, because the HM that are absorbed accumu-
late over time in this organ, which affects the general
growth of the plant (Umar er al., 2005), hindering its
supply of water and nutrients (Ernst, 2003). In the ab-
sorption of metals such as Cd, Xin et al. (2015) found
that, in varieties of paprika (Capsicum annuum), the
type of efflux of low molecular weight organic acids
by the roots determined the difference in the volume
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of Cd accumulated between varieties with high and
low Cd content. It is noteworthy that the transloca-
tion of the HM from the roots to the stem affects the
senescent leaves more than the young leaves (Ernst,

2003).

According to Marschner (2012), there are still no con-
vincing studies on the beneficial effects of HM such
as Cd, Pb, Cr and Hg on higher plants and how they
affect their growth and development. On the other
hand, there are studies that show some effectiveness
in reducing the level of toxic metals in plant species
through the symbiosis between plants and fungi that
form arbuscular mycorrhizae (AMF) (Aguirre et al.,
2011).

In general, increased HM in vegetable crops has sev-
eral effects on the physiological and biochemical
functions of plants (Zulfiqar er al., 2019; Haider et al.,
2021) (Tab. 2), which differ according to the pheno-
logical state of the plant, the concentration and the
type of metal (Epstein and Bloom, 2004). Functional
impairments from metal excess are associated with
membrane damage, oxygen radical production, inhi-
bition of key enzymes, and inactivation of photosyn-
thesis and the respiration electron transport chain, as
well as restriction in the absorption and assimilation
of N the last of which greatly affects growth (Larch-
er, 2003).

Elango et al. (2022) classified impacts of HM toxicity
on plants into direct effects, such as reduced mineral
uptake, photosynthesis, respiration, protein content,
seed germination and plant biomass; and indirect ef-
fects, such as damage to lipids and DNA, generation
of ROS, chromosomal abnormalities, cell injury or
chlorosis, damage to cell membranes and disrupted
enzyme activity.

In general, an overload of HM in the soil means a
greater stress for crops than a deficiency of these ele-
ments, although that some plant species can estab-
lish a tool to protect themselves against this excess.
The more the plant is tolerant of HM, the slower its
growth (Epstein and Bloom, 2004). High Ni toxicity,
as well as high Al content, can cause interveinal chlo-
rosis due to induced Fe deficiency (Kabata-Pendias,
2000) while, according to Umar er al. (2005) foliar
chlorosis due to Pb toxicity could be generated by the
susceptibility of some enzymes to Pb ions, affecting
chlorophyll biosynthesis.
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Table 2. Symptoms of toxicity by important HM in plants.

. . ] Inhibition of root elongation, reduced stem growth, interveinal Marschner (2012);
_ 1
Nickel {Ni) 1050g g DW | 1 rosis Kabata-Pendias (2000)
_ . Marschner (2012);
_ -1
Copper (Cu) 20-30 ug g' DW Inhibition of root growth before stem growth, oxidative stress Epstein and Bloom (2004)
Zinc (Zn) 100-300 1ug g DW Inhibition of rqot elongation, chlorosis in young leaves, decreased Marschner (2012)
photosynthesis
Manganese (Mn) 200-1,380 mg kg’ DW Brown sppts on mature leaves, |nterve|_nal chlorpms and necrosis, Marschner (2012)
deformation of young leaves, loss of apical dominance
Iron (Fe) >500 mg kg’ DW Bronzing, especially in waterlogged soils Rengel et al. (2023)
Foliar chlorosis, reduced biomass accumulation and nutrient Marschner (2012);
= -1
Cobalt {Col 0.4-few mg kg DW uptake DalCorso et al. (2014)
. Inhibition of root elongation, nutrient and water uptake; inhibition DaICgrso etal. {2014);
Aluminum (Al) of cell division and elonation Casierra-Posada and
g Aguilar-Avendafio (2007)
Physmlogma_l glteratlons in enzyme activities, water potential, Garcia (2006): Miranda
Lead (Pb) mineral nutrition, hormonal status, electron transport and mem-
] R . et al. (2008b)
brane structure; chlorosis, inhibition of root elongation
. Physiological changes such as aquaporin shutdown, leaf chloro- Miranda et al. (2008b);
_ 1
Mercury (Hg) 05-1ugg’ DW sis, severe stunting of seedlings and roots Kabata-Pendias (2000)
Arsenic (As) l\/IorphoIog|claI changes in the plant, physiological alterations, Miranda et a/. (2008b)
decreased yields
Morphological changes in the plant, atrophied roots, minor root
elongation, leaf chlorosis, brown leaf margins, reddish veins, Miranda et al. (2008b);
. ) deterioration of xylem tissues, alterations of physiology and of Kabata-Pendias (2000);
_ 1
Cadmium (Cd) >-10ug g’ DW enzymatic activities, reduced plant growth and biomass, altera- Bautista et al. (2013);
tions of photosynthetic pigments and gaseous exchange, mineral Ma et al. (2022)
uptake and antioxidative defense machinery.
Foliar chlorasis, reductions in chlorophyll synthesis, CO, fixation Bello and Lesmes (2011);
Chromium (Cr) 1-2 ug g’ DW and carbohydrate metabolism, root damage, decreased Ca, K, P Lora and Bonilla (2010);
Fe and Mn incorporation caused by Cré* Kabata-Pendias (2000)

DW: dry weight.

Kathpalia and Bhatla (2018) describe hyperaccumula-
tors or metallophytes as plants that can absorb very
high concentrations of HM from the soil and store
them in their aerial tissues at levels between 100 to
1,000 times higher than a non-hyperaccumulator
plant. An example of this is Brassica, which capable
of accumulating up to 30,000 ug g* of Zn and 1,300
ug g of Cd in its tissues. One of the reasons for this
very high translocation of metals to the aerial part is
the overexpression of HMA (heavy metal-transport-
ing ATPase) proteins loading the HM to the xylem of
these plants (Kathpalia and Bhatla, 2018). According
to Lambers and Oliveira (2019), there is evidence that
the hyperaccumulation of these metals increases de-
fense against microbial and herbivorous pathogens.

The readiness with which the following HM are bio-
accumulated by plants is in the order as follows (a)
from an aquatic environment: Hg, Cd, Pb, Cu, Zn,
Sr and (b) from soil: Cd, Zn, B, Ni, Sn, Cs, Rb (Ka-
bata-Pendias, 2004). There is much variation in the
concentrations of HM in the edible part of the veg-
etables; the ability to take up and accumulate HM
was highest in leafy vegetables and lowest in cucur-
bitaceous vegetables (Zhou et al., 2016). For groups of
plant species that accumulate Cd, Yang et al. (2009)
established the following increasing order: legumes
vegetables < melon vegetables < alliums vegetables
< root vegetables < solanaceous vegetables < leafy
vegetables (Fig. 1). The higher accumulation in HM
concentrations by leafy vegetables is explained by
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their higher translocation and transpiration rates
compared to fruit vegetables (Yadav, 2021).

Legumes vegetables
Melon vegetables
Allium vegetables

Root vegetables
Solanaceous vegetables
Leafy vegetables

Less cadmium accumulation
More cadmium accumulation

Figure 1. Cadmium accumulation according to the type of
vegetables. Source: Yang et al. (2009).

Pb contamination does not greatly affect the eating
quality of fruits but does harm it in some leafy veg-
etables such as lettuce, spinach, and cabbage due to
the greater exposure of their leaf area to atmospheric
particles. Root vegetables (radish, carrot, beetroot,
etc.) are more susceptible to accumulating HM in
large quantities compared to those that develop fruits
(paprika, tomato, aubergine, etc.) and are not recom-
mended for planting in contaminated soils (Aubry
and Manouchehri, 2019; Zwolak et al., 2019).

Aromatic herbs, such as parsley, are highly exposed
to contamination by air and soil alike (Aubry and
Manouchehri, 2019) (Fig. 2). Urban and peri-urban
growers should consider that a plant that develops

for a long time absorbs more pollutants from the soil,
water and air, as is the case with thyme, compared to
basil (Aubry and Manouchehri, 2019).

There are physicochemical similarities between the
different ions, which is why the transport proteins
in the plasmatic membrane of root cells are not ca-
pable of efficiently differentiating between Ca?* and
Ba%**, K* and Rb* or between phosphate and arsenate
(Marschner, 2012). For this reason, many toxic ions
cannot be excluded in the symplasm of the roots, al-
lowing HM to enter plants and thus the food chain.
A special case is Cr, which is essential for humans as
Cr®* as it promotes the action of insulin. Derivatives
of Cr®* (chromates and dichromates) are generally
of anthropogenic origin, which at excessive levels
produce toxicity in plants (Tab. 2) (Lora and Bonilla,
2010). Among the leafy vegetables, lettuce has been
shown to be the most vulnerable to Cré* pollution
(Yuet al., 2023).

Cd can be easily absorbed by roots and leaves (Kaba-
ta-Pendias, 2000; Bautista et al., 2013). In addition,
these authors reported that root vegetables as a group
are relatively highly susceptible to the accumulation
of Cd. Lundgren et al. (2023) developed regression
models to predict the uptake of the highly mobile Cd
and the less mobile Pb in lettuce, which suggest that
Cd uptake is predominantly via roots, in contrast to
the physical contamination of Pb, which is primarily
in the leaves.

Plants show specific mechanisms to take up, translo-
cate and accumulate HM. Several metals and metal-
loids that are not essential for plants are absorbed,
translocated and accumulated by electrochemical

0.40
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Lettuce  Spinach ~ Parsley  Chives Carrot Radish Onion Potato Leek Green  Beefsteak  Cherry  Zucchini
Batavia bean tomato  tomato
Figure 2. Example of results of lead (Pb) concentrations in vegetables growing in the city of Montreuil, near Paris. Taken from
Aubry and Manouchehri (2019), with permission.
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behavior similar to that of essential nutrients (Miran-
daet al., 2008a), competing, in many cases, with the
essential elements of the active side of the enzyme
(Umar et al., 2005). The toxicity of HM in plants, ac-
cording to Tadeo and Gémez-Cadenas (2008), occurs
mainly in acid soils, altering growth and the appear-
ance of lateral and secondary roots.

Given that HM affects not only the physiology,
development and quality, but also the safety and
health risks of vegetables, the results of studies from
countries of four continents on these contaminants
and the permissible HM levels in the tissue of the
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vegetables are shown below (Tab. 3). The different
levels in the same species can be explained mainly
by the different sources of contamination, according
to the study area, plant age and season of the year
(Miranda ez al., 2008a; Liang ez al., 2018). As interna-
tional and many national standards include, in most
cases, only Cd and Pb in the different types of veg-
etables, these two toxic metals are largely referred to
in table 3.

Some vegetables have mechanisms through which
they accumulate more HM in the roots than in the
aerial part, as is the case for tomato and eggplant with

Table 3. Results of some studies in different countries on heavy metals in harmful concentrations in the edible part of the plant,
found in vegetables of urban and peri-urban production.
Pb in 52% of all samples (EU standard).
Analysis on tomato, bean, carrot, potato, kohlrabi, >50% of the carrot, potato, chard, mint, thyme and .
Cd, Pb, Cr, . S . . Sdumel et
Cu. Zn. Ni white cabbage, parsley, chard, basil, mint, thyme wi- | parsley samples exceeded EU standards. <33% of the al. (2012)
T thin the inner-city neighborhoods of Berlin, Germany | tomato, bean, kohlrabi, and white cabbage samples, but '
no basil sample, exceeded these values
Cd, Pb, Cr, | Irrigation of pumpkin, spinach, cauliflower, luffa and Cd in all species; Cr in coriander, luffa and cauliflower; Pb | Aftab et al.
Co, Ni, Mn | coriander with water from the Chenab River, Pakistan | in cauliflower (FAQ standard) (2023)
cd Po. Ni Analysis of leek, cress, parsley, basil, mint, chives and | Cd and Phb in all vegetables and herbs (FAO/WHO and Mostafidi et
T radish in three supermarket brands in Tehran, Iran Codex Alim. standards) al. (2021)
Cd and Pb in the three vegetables in production and in
Cd, Pb, Cu, | Analysis of spinach, okra and cauliflower in produc- | the market (EU standard). Sharma et
Zn tion and markets in Varanasi, India Cd, Zn and Cu in the three vegetables on markets (PFA' | @/- (2008)
standard)
Analysis of the groups of bulb, stalk, stem, cabbage
Cd, P, Hg, | 2N brassica vegetables, leafy vegetables, fruitng | o} > 4490 ppy (1 619%), Hg (0.55%) and Cr (0.48%) of | Liang et al.
solanaceous vegetables, legumes, root and tuber )
As, Cr = . . all samples (MACs? standard) (2018)
vegetables, fruiting cucurbits and aquatic vegetables
in 21 cities in Guangdong province, China
Cd, Pb, Cr, | Analysis of lettuce, eggplant, cucumber, tomato, Hamad et
Cu, Zn, Ni, | pepper, pumpkin, mint, and dill near effluent from a Cd in tomato and eggplant (FAO standard)
) al. (2021)
Fe, Mn wastewater treatment plant in Egypt
Cd, Pb, Cr, Irrigation of potato, tomato, onion, clabbage, carrot, Pbin carrot, potato and beetroot and Cd in carrot (FAQ/ Asrade and
Cu beetroot and lettuce with lake and river water, near WHO standard) Ketema
Bahir Dar town, northwestern Ethiopia (2023)
Cd, Pb, Cr, | Irrigation of spinach and kale with water from two Pb, Crand Zn in spinach; Cr and Zn in kale (WHO Tomno et al.
Cu, Zn rivers near Machakos, Kenya standard) (2020)
Cd, Pb, Hg, | Irrigation of lettuce, broccoli, cabbage and celery with | Cd in lettuce and celery, 74 days after transplanting (EU | Miranda et
As water from the Bogota River, Colombia standard) al. (2008a)
Cd, Pb, Analysis of carrot, artichoke and parsley in crops . . Herrera and
As, Cr, Co, | near the middle basin of the Bogot4 River, in Sibate, Cdand Pb in t_he three vegeFable_s (EU and Colombian Lizarazo
. . standards). High concentrations in the other HM as well
n, Ni Colombia (2018)

'PFA, prevention of Food Adulteration Act (New Delhi) with 30, 50, 1.5 and 2.5 ug g for Cu, Zn, Cd and Pb, respectively; 2MACs, maximum allowable concentra-

tions established by the Chinese government.
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Cd (and several other HM). Thus, a study in Egypt of
soils contaminated with HM (Tab. 3) showed that
tomatoes accumulated 3.27 and 2.62 mg kg! Cd in
dry weight of root and stem-leaves, respectively,
whereas eggplant accumulated 2.56 and 0.67 mg kg™
in root and stem, respectively (Hamad et al., 2021),
significantly exceeding the level allowed by the EU
and the FAO (0.2 mg kg dry weight).

The toxic concentration depends greatly on the spe-
cies and variety (Marschner, 2012). Margenat ez al.
(2019), comparing trace elements (TE) in tomato,
lettuce, cauliflower and broad beans growing in peri-
urban areas of Barcelona with vegetables from more
widely distanced rural vegetable fields, found that
the occurrence of chemical contaminants in vegeta-
bles depended more on the commodity rather than
whether the location was peri-urban or rural. Tomato
fruits contained the highest concentration of TE.

Hamad et al. (2021) found that the transfer factor
(the relationship between the concentration of HM
in the aerial part and in the roots that coincides with
the percentage translocated from the roots to the
aerial part) was, in the case of paprika, greater than 1
(because of its high accumulation) for Cu, Fe and Zn;
interestingly, this species did not absorb Cd and Pb.
In the other species analyzed by Hamad et al. (2021)
(Tab. 3), the transfer factor for the HM was less than
1. In the case of Pb, Kabata-Pendias (2000) reported
that only 3% of the Pb is translocated from the roots
to the stem.

Begum et al. (2019) studied spinach in contaminated
soil near the Buriganga river in Dhaka (Bangladesh),
evaluating the transfer factors from the soil to the
roots and from the roots to the leaves (Tab. 4). They
found that the transfer from the soil to the root was
highest for Cr and from the root to the leaves highest
for Cd.

Higher transfer factors for Cd from the soil to the
harvestable part of spinach and kale, 2.23 and 4.10,

respectively, were found by Tomno et al. (2020) in
crops irrigated from two rivers near the town of
Machakos in Kenya (Tab. 4). In comparison, Herrera
and Lizarazo (2018) found, in parsley grown near the
Bogota River, transfer factors from the soil to the
plant of 0.23 for Cd, 0.11 for Pb, 0.14 for Cr and 0.11
for As; and for carrot in the same location, transfer
factors of 0.23 for Cd, 0.08 for Pb, 0.05 for Cr and
0.08 for As.

Since grafting could alleviate the toxicity of HM to
the aboveground parts to some degree (Savvas et al.,
2013) the grafting of melon on more HM resistant
pumpkin (Cucurbita moschata) rootstock can reduce
contamination of melon fruits. Guo er al. (2023) ob-
served that the ZF1 pumpkin hybrid rootstock had a
Cd accumulation ability of roots higher than that of
MB3 and FB1 parents and the transfer coefficient of
the shoot was lower, which decreased the Cd concen-
tration in leaves, increased the photosynthetic assim-
ilation of leaves and Cd tolerance of these seedlings,
and augmented the antioxidant enzyme activities
(POD, SOD, CAT).

Added to the factors mentioned above that affect
contamination of the soil and the plant by HM, is
the influence of climatic factors, such as wind that
transports atmospheric pollutants (Fischer and Bel-
tran, 2021), and rain that drops these toxic substanc-
es to the surface and leaches them to deeper depths
or causes their runoff to other lands and crops. In
extreme cases, heavy rains and storms can cause
chemical contamination in surrounding water bod-
ies and watersheds (Noyes et a/., 2009) from flooding
that distribute HM over wider terrain. In addition,
atmospheric humidity conditions contribute to the
absorption and translocation of HM (as with any
other essential nutrient) within the plant, due to the
upward flow of transpiration, especially for plants
with larger leaf area (Marschner, 2012). In general,
drier conditions and higher temperatures generate
greater contamination by air pollution (Emekwuru
and Ejohwomu, 2023).

Table 4. Transfer factors (TF) of HM from soil to roots and from roots to leaves of spinach.

Soil-roots 0.19 0.17 0.35

0.04 0.02 0.04 0.63

Roots-leaves 0.82 0.87 0.34

0.96 0.79 0.36 0.37

Source: data taken from Begum et al. (2019).
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CONCLUSIONS

For the rapidly growing population of cities, urban
and peri-urban horticulture is an important oppor-
tunity for the supply of fresh vegetables. This type
of horticulture is capable of mitigating the effects of
climate change by growing crops most adapted to
urban and peri-urban conditions. However, on the
other hand, growing urbanization and industrializa-
tion increase environmental pollution in the cities
and surrounding lands.

In nature, HM are widely distributed; when they
progressively enter the soil-plant-consumer continu-
um, they can no longer be easily removed from the
system, accumulating at toxic levels.

Apart from an excessive accumulation of the essen-
tial HM for the plant (Fe, Zn, Cu, Ni), the most toxic
for consumers are Cd, Pb, Hg, Cr and As. HM such as
Cd, Pb and Hg cause, neurological and kidney dam-
age as well as cancer and other adverse effects on
health, generating even more damage when ingested
throughout prenatal development and childhood,
leading to irreversible alterations in the central ner-
vous system.

HM can come from air, water and soil. Air is most
highly polluted near busy roads and industry, while
polluted irrigation water comes from industry and
wastewater. Polluted soil arises from contaminated
irrigation water, vehicle emissions, industrial process-
es, application of pesticides and fertilizers containing
HM.

High contamination of plants occurs in particular
from the accumulation of HM in their tissues, with
differences between the absorption and retention of
HM in the roots, depending on species and variety.

Plant poisoning, most significantly, decreased root
growth and plant biomass and chlorosis, among other
physiological alterations. Leafy vegetables (including
aromatic herbs) and Solanaceae accumulate the most
HM, while cucurbits and legumes are the vegetables
that least accumulate HM.

Examples from four different continents show high
contamination with HM, especially Cd and Pb, of
vegetables grown in urban and peri-urban areas.
There are still no international standards from the
EU, FAO and WHO for the other HM (Hg, Cr, As) in
fresh vegetables, only in other foods or in processed
form.

In many studies, irrigation water and soils do not
exceed the permissible HM concentration but, due
to the accumulation in crops with a longer duration,
HM content in the plant can exceed these permissible
standards. It is suggested that reclaimed industrial
wastewater could be a significant and useful source
for irrigation of vegetable crops, which will reduce
discharge of freshwater resources and contribute to
protecting the environment.

In general, to increase the food safety of urban and
peri-urban horticulture, more studies are needed on
HM contamination, soil aptitude, risk assessment for
ingesting intoxicated vegetables, as well as appropri-
ate instructions for the clean handling of these crops
in cities and surrounding areas. Not washing vegeta-
bles before consumption alone increases the average
daily intake of Pb by 130%.
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