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Abstract: Evaluating the relative weight of the choice of cultivar and soil fertilization on potentially
toxic elements (PTEs) accumulation is crucial in promoting informed decisions in the framework of
regenerative agriculture. To this end, 11 PTEs (Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn) were
determined in both leaves and roots of six cultivars (Stylist, Xanadu, Aljeva, Bacio, Analena,
Vincenzo) of lettuce (Lactuca sativa L.) grown side by side on mineral fertilized or biowaste compost
amended soils, under greenhouse conditions. The use of multivariate and linear modelling
approaches indicated that the organ and cultivar primarily account for the variability in PTE
concentrations. In terms of PTE partitioning between organs, Cd and Mg were preferentially
accumulated in leaves, whereas Cu, Pb, K and Zn in roots. As for the cultivar, Xanadu showed the
highest concentrations of several PTEs, with Cd reaching concerning levels. Fertilization had a
detectable contribution only on Cd accumulation, slightly increased in leaves by compost. Findings
highlight the key role of cultivar choice in guaranteeing food safety and grant the possibility to
adopt biowaste compost in regenerative agriculture without concerns about PTE accumulation
enhancements in lettuce, but demand a cautionary approach in the case of Cd.

Keywords: lettuce cultivars; non-essential elements; nutrients; mineral fertilization; biowaste
compost amendment; leaf and root concentrations; circular agriculture; sustainable agriculture

1. Introduction

To meet the requirements of the regenerative agriculture revolution, new alternative,
intensive and healthy models of agricultural production should be identified. These
models need to conjugate high-quantity and high-quality harvest with no harm to the
environment, stimulating natural soil regeneration, increasing biodiversity, mitigating
climate changes and improving the well-being of people working on land [1,2].

Such an approach to agriculture, developing rapidly in the modern world, is tightly
intertwined with the goals of circular economy and sustainable development. Indeed, the
focal issues of balancing production and consumption, properly managing natural
resources, conserving terrestrial and aquatic ecosystems, and restoring degraded lands
[2,3] all fit well within these frameworks. Circular economy specifically addresses these
goals through clever and purposely developed means of saving relevant resources, which
are not only able to reduce the negative environmental impacts of agricultural activities,
but also improve economic performance [4]. Ensuring the sustainability of agricultural
land through circular economy imposes the restoration of ecological functioning and
stability of agroecosystems, making better use of available resources, contributing to food
security, and supporting the health, safety and wellbeing of farmers and farming
communities [1,3,4].
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In this context, counteracting land degradation is a key objective to ensure a
sustainable future [1], above all in the Mediterranean area where the process is
particularly intense, and the fragile ecosystems are very sensitive to the exploitation of
natural resources [5]. Here, agriculture is a major cause of land degradation due to
unsustainable management practices that deteriorate the quality of soils, compromising
their functions [3,6].

Two out of four main principles of regenerative agriculture, i.e., enhancing soil
fertility and diversifying cropping systems [6], have the potential to effectively address
this issue and have been largely experienced in the Mediterranean area. In particular, the
adoption of organic amendments and the widening of cultivar selections are two of the
most common practices promoted in the past few decades [7]. Amendment with biowaste
compost has been fostered in the Mediterranean area not only to improve physical,
chemical and biological soil properties but also for its undeniable benefits linked to the
recycling of organic wastes and the mitigation of climate changes [8-13]. Even if recycling
back by-products from food production, processing and consumption into the food
system represent key points of circular and sustainable agriculture [4], concerns regarding
the potential introduction of persistent contaminants or the enhancement of their
availability to the biota still exist [14-18]. The same applies to the selection of different
species and cultivars, able to achieve high yields by enhancing the efficiency of soil
utilization, but potentially accumulating large amounts of persistent pollutants, with
possible threats for food security and environmental health [19-21].

Despite its promising potential, regenerative agriculture is still at an incipient state
of development and farmers, due to the scarce evidence of its short- and long-term effects,
are limitedly adopting it [6]. Therefore, more research efforts are required to identify ways
to improve sustainable agroecosystems, adopting circular economy practices [4]. With a
view of fostering the adoption of regenerative agriculture in Mediterranean
agroecosystems, we aimed at deepening the knowledge on the possible impacts of the
cultivar choice and soil fertilization on potentially toxic element (PTE) accumulation in
Lactuca sativa L., consumed worldwide and the most important salad crop in
Mediterranean diet [17,21,22]. In particular, to evaluate the relative weight of the choice
of cultivar and soil fertilization on PTE accumulation in lettuce, leaves and roots of six
cultivars grown on soils treated with mineral fertilizers or amended with biowaste
compost were analysed for Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb and Zn concentrations.

2. Materials and Methods

Six cultivars of Lactuca sativa L., Stylist, Xanadu, Aljeva, Bacio, Analena and
Vincenzo, widely employed in the Mediterranean diet, were grown under greenhouse
conditions at the Frigenti Giuseppe farm (40°47’19"" N, 14°36’16” E, 20 m a.s.l.), in San
Valentino Torio (Campania region, Southern Italy). The experimental field (about 0.1 ha)
was divided into two portions of 500 m? each. One portion of the field was fertilized (MIN)
using an inorganic fertilizer (6% N and 18% P) based on soil characteristics and plant
requirements. The other portion was amended with biowaste compost (CMP) obtained
from the organic fraction of municipal solid waste and urban yard trimmings [19] and
furnished by Gesenu S.p.A. (Italy). The amount of compost (15 Mg ha! dry matter),
incorporated into the first 20 cm depth about 15 days before planting, was determined by
previous European experiences pointing to optimal results with doses within the range of
10-30 Mg ha' of dry matter [23]. Each half of the experimental field was further divided
into 24 plots of 20 m? each, with four plots assigned to the cultivation of each cultivar,
according to a randomized block design.

From each plot, four healthy plants were randomly collected at maturity, transferred
in the laboratory, cleaned to remove soil particles and dead material, and separated into
leaves and roots. Each of these samples (6 cultivars x 2 fertilization strategies x 4 plots x 2
organs = 96 samples) was manually pulverised with liquid nitrogen in china mortars,
oven-dried at 75 °C until constant weight and mineralized in triplicate as reported in
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Baldantoni et al. [24]. PTE concentrations were determined by atomic absorption
spectrometry (AAnalyst 100, PerkinElmer): Cd, Cr, Cu, Ni and Pb concentrations were
measured by graphite furnace, whereas Fe, K, Mg, Mn, Na and Zn concentrations by
flame. Standard reference material (NIST 1575a Pine Needles [25]) was also analysed in
order to verify the accuracy of the data obtained, with recoveries in the range of 93-102%.

Data analysis focused on evaluating the relative weight of the cultivar and soil
fertilization in determining PTE concentrations in lettuce. To this end, a variance partition
approach was adopted in both the multivariate and the univariate domain, accounting for
the differences between leaves and roots by including the organ information in the
models. In particular, the former relied on a permutational multivariate analysis of
variance model, featuring the Manhattan distance matrix among observations (based on
all the PTE concentrations) as the dependent matrix and the cultivar, the fertilization and
the organ as predictors. The model was based on 1-105 permutations and the breakdown
of the variance among predictors was carried out by evaluating the marginal effect of each
of them in the full model. In the univariate domain, the contribution of the cultivar and
fertilization was evaluated through linear random models for each PTE, including the
cultivar, the fertilization and the organ as random terms. The estimation of the variance
function, its partition among the predictors, and how each of them affects PTE
concentrations was then performed according to the approach of Hoffman and Schadt
[26]. All the analyses were carried out within the R 4.1.0 programming environment [27]
with the functions of the “vegan” [28] and “variancePartition” [26] packages.

3. Results and Discussion

The permutational multivariate analysis of variance highlighted significant
differences in non-essential element (Cd, Pb), micronutrient (Cr, Cu, Fe, Mn, Na, Ni, Zn)
and macronutrient (K, Mg) concentrations (Figs. S1-S3) among cultivars (F = 3.916, P <
0.001) and between organs (F = 45.470, P < 0.001), but not between soil fertilization
treatments (F = 0.526, P > 0.05).

In terms of the breakdown of the total variance in PTE concentrations, the linear
random models highlighted a limited contribution of the cultivar (0-31.3%), fertilization
(0-5.5%) and organ (0-55.9%) factors, with the residuals (38.6-96.6%) accounting for most
of the variance (Fig. 1). This is especially the case of Fe, K and Mn, with the random factors
(remarkably, only one for each element) explaining less than 10% of the total variance:
3.4% attributable to the cultivar, 7.0% attributable to the organ and 5.1% attributable to
the cultivar, respectively for Fe, K and Mn (Fig. 2). This pattern holds true for all PTEs
with the exception of Cu, where the combined effect of the cultivar (5.5%) and organ
(65.9%) accounted for more than 60% of the total variance (Fig. 2). From a practical
viewpoint, these results translate into a limited weight associated with the choice of
cultivar and fertilization in determining lettuce PTE concentrations. In other words,
farmers have great leeway in this respect without overly worrying about the consequences
of choosing specific cultivars or fertilization practices on PTE accumulations. This does
not mean, however, that the contribution from these choices is negligible, although neither
the cultivar nor the fertilization (and the organ) are primary determinants of the
variability in PTE concentrations.

In this context, the choice of the cultivar has a higher contribution in respect to the
other factors in determining the concentrations of Cd (28.3%), Cr (11.4%), Fe (3.4%), Mn
(5.1%), Ni (23.8%) and Zn (31.3%), although it is limited in the case of Fe and Mn (Fig. 2).
In terms of distribution among cultivars, the highest values of Cd and Zn were observed
in leaves of Xanadu, the highest values of Cr, Fe, Mn in leaves of Vincenzo and the highest
values of Ni in leaves of Stylist (Figs. S1 and S2). These results are only partly in
accordance with those obtained by Alexander et al. [29], who found no significant
difference in the edible organs of five different lettuce cultivars (Corsair, Little Gem,
Lobjoits, Paris Island, Pinokkio) not only for Cu and Pb, but also for Cd and Zn. However,
Gattullo et al. [17] found significant differences in PTE accumulations in four lettuce
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cultivars (Aleppo, Maximus, Murai, Patagonia) grown on compost-based substrates and
remarked that the choice of cultivar is extremely important to guarantee not only crop
yield, but also lettuce quality.
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Figure 1. Violin plots representing the distribution of the percentage of explained variance
associated with the cultivar (red), the organ (green), and the fertilization (blue) in the linear
random models, as well as the model residuals (grey). The rectangular box within each violin
represents the interquartile range with its upper and lower whiskers, whereas outliers are
represented by black dots.

Soil fertilization practices did not influence micro- and macronutrient concentrations
in lettuce (Fig. 2), as previously observed also by Lujan Soto and co-workers [6] for almond
leaves. Only for one of the two non-essential elements analyzed, the linear random models
highlighted a contribution (5.5%), although limited, of soil fertilization (Fig. 2), with Cd
concentrations on average highest in the plants grown on soil amended with biowaste
compost (Fig. S1). These findings can be explained considering our previous results on Cd
concentrations measured in two different Mediterranean soils, in the same region
(Campania) and area (Salerno) in which this field trial was conducted [14,15]: during long-
term amendments, both total and DTPA-extractable concentrations increased in
accordance with the dose of biowaste compost applied. Such increases are usually
correlated with enhanced Cd accumulations in lettuce, as often reported [22].
Nevertheless, in a previous study on Cd accumulation in lettuce [21], we found the highest
concentrations in leaves of plants grown on mineral-fertilized soils rather than on
biowaste amended soils, confirming that the mobility of a PTE in soil and its transfer to
plants depend on several factors [22,30]. In terms of translocation and accumulation of
PTEs in lettuce leaves, Cd (Fig. S1) reached concentrations on average 6-fold higher than
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the maximum values reported by Allen [31] for plant material without visible symptoms
of dehydration, chlorosis, or necrosis (as also observed by Zorrig et al. [32] and by Celik
and Kunene [33]).

For Cu (55.9%), K (7.0%), Mg (16.6%), Na (14.2%) and Pb (28.0%), the organ had a
relatively higher contribution in determining their concentrations (Fig. 2), with the highest
values observed in leaves in the case of Mg and in roots in the case of Cu, K, Na and Pb
(Figs. S1 and S3). In L. sativa plants, Celik and Kunene [33] also highlighted higher
concentrations of Cu and Pb (as well as of Cd, Cr, Fe, Mn and Zn) in roots than in leaves;
similarly, Jordao et al. [34] found the highest concentrations of Cu and Ni in the
belowground organs, attributing this behavior to a protection mechanism. These
observations put emphasis on the role that PTE bio-geochemical properties have in
explaining element peculiar mobility and transfer into the soil-plant system [30].
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Figure 2. Barplots of the percentage of the variance of each PTE explained by the cultivar (red), the
organ (green), and the fertilization (blue) in the linear random models, as well as by the model
residuals (grey).

Considering the average water content (90%) of lettuce, Cd reached leaf
concentrations comparable, or slightly higher (Xanadu), to that deduced by the EU
420/2011 Regulation [35] on maximum levels for certain contaminants in food, whereas
Pb always had concentrations lower than the threshold, confirming the low mobility of
this element in lettuce [22]. By reference, the EU 420/2011 Regulation [35] establishes
concentration limits equal to 0.2 pg/g f.w. for Cd and 0.3 pg/g f.w. for Pb in leafy
vegetables. For Cd, the remark is rather worrying, considering its carcinogenicity [36], the
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high leaf accumulation capability of lettuce [29,37,38], and the wide consumption of this
crop [22,32], above all in the Mediterranean diet [21].

By bringing all the results together in the framework of regenerative agriculture, the
preliminary statement on the leeway in choosing the cultivars and fertilization practices
can be straightforwardly refined. Indeed, although both have limited contribution in
determining PTE concentrations in lettuce, their relative weight varies among the
elements and can critically affect concentrations in a species with a high accumulation
potential. Such an occurrence demands a holistic approach adopting multiple [6] and
balanced strategies in meeting the requirements of regenerative agriculture. For example,
adopting PTE concentrations as crop performance indicators, soil fertilization with
biowaste compost revealed itself as a remarkable strategy, guarantying nutrient
concentrations in lettuce comparable to mineral fertilization. If Cd concentrations are of
concern, however, the adoption of compost amendment demands a cautionary attitude,
especially when employed with cultivars with enhanced accumulations capabilities.
Indeed, even a small contribution from the fertilization may result in products that are
unsafe for consumption and do not meet the regulatory requirements. A simple and
effective solution in these cases is the use of cultivars with lower accumulation
capabilities, as also suggested by Gattullo et al. [17] in their study on lettuce—reasonably
general advice that should be tailored, however, to the differential responses that different
species may exhibit in relation to the organic amendment [39].

Overall, all these considerations emphasize the need for decisions driven by data, a
core requirement for the regenerative agriculture revolution. Our findings contribute to
providing foundations for such decisions, promoting the large-scale adoption of
regenerative agriculture, especially in Mediterranean agroecosystems, but with the right
choices.

4. Conclusions

The findings of this research highlight that, despite regenerative agriculture having
a strong potential to restore the physical, chemical and biological properties of degraded
soils, a careful attitude should be held in crop species and cultivar choice. Although
neither the cultivar nor the fertilization are primary determinants of PTE concentrations
in lettuce, their contribution cannot be underestimated and should guide the agronomic
strategies. This is true for several PTEs, especially for non-essential elements such as Cd,
which can reach critical concentrations with wrong combinations of cultivars and
fertilization strategies. Overall, however, biowaste compost amendment proved an
effective strategy also from the viewpoints of product quality and safety, determining
nutrient concentrations comparable to mineral fertilization and only small increases in Cd
concentrations. This drawback can be effectively counteracted by wisely choosing
cultivars with lower accumulation potential, a strategy that underpins the need for
decisions supported by data in fostering the regenerative agriculture revolution.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
445X/10/10/1053/s1, Figure S1: mean Cd, Pb, Zn and Cu concentrations (+ standard errors) measured
in the leaves (white bars) and roots (grey bars) of the six lettuce cultivars grown on soil treated with
mineral fertilizers (MIN) and on soil amended with biowaste compost (CMP), Figure S2: mean Ni,
Cr, Fe and Mn concentrations (+ standard errors) measured in the leaves (white bars) and roots (grey
bars) of the six lettuce cultivars grown on soil treated with mineral fertilizers (MIN) and on soil
amended with biowaste compost (CMP), Figure S3: mean Na, K and Mg concentrations (+ standard
errors) measured in the leaves (white bars) and roots (grey bars) of the six lettuce cultivars grown
on soil treated with mineral fertilizers (MIN) and on soil amended with biowaste compost (CMP).
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